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ABSTRACT 


A flat thrust fault of middle or later Tertiary age, believed to have followed roughly 
the contact of later pre-Cambrian sediments with earlier pre-Cambrian metamorphic 
rocks, is well exposed throughout the Virgin Spring area, about 10 miles square, in 
the Black Mountains east of Death Valley. On this thrust later pre-Cambrian, Cam- 
brian, and Tertiary rocks have moved relatively westward for an unknown distance. 
The rocks of the overthrust plate are broken into innumerable blocks and slices, which 
are thrust over one another to form an extremely complex mosaic. This assemblage 
of blocks is named the Amargosa chaos, and the flat fault upon which the chaos lies 
is named the Amargosa thrust. The chaos is divided into the Virgin Spring, Calico, 
and Jubilee facies, each characterized by certain kinds of rock. The Amargosa thrust 
and chaos are folded into several plunging anticlines, of northwesterly trend, along 
whose crests the earlier pre-Cambrian rocks below the thrust are exposed. 

Lying unconformably upon the folded thrust and chaos is the Funeral fanglomerate, 
probably of late Pliocene age, which consists of fanglomerates and basaltic lava flows. 
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These rocks are deformed by folds and faults so recent that they are still reflected 
in the topography; Death Valley in the Virgin Spring area is primarily a syncline, 
modified by faulting, in the Funeral fanglomerate. 

Features similar to the Amargosa thrust and chaos occur throughout an area of at 
least 8000 square miles that borders and includes the Death Valley trough. 

The present paper deals mainly with the structure of the Virgin Spring area but 
it also notes related structures elsewhere in the Death Valley region, outlines the 
stratigraphy of the region, and describes a geologic section across it. 


INTRODUCTION AND ACKNOWLEDGMENTS 


The fantastic disorder of the rock masses that form the precipitous 
mountain ranges bordering Death Valley imparts a quality of strange- 
ness to the scenery that is felt even by the casual visitor. It is a 
strangeness perhaps equal in degree to that which the visitor feels at 
the Grand Canyon but it is of a wholly opposite kind. The scenery 
of the Grand Canyon has an orderly strangeness that is the expression 
of a rock structure whose order and simplicity are unequaled elsewhere. 
The scenery of the Death Valley region is the expression of a rock 
structure so chaotically disordered that even its general nature was but 
recently recognized. 

The rocks throughout the Death Valley region are deformed by folding 
and faulting on a grand scale, but the areas of greatest disorder are 
associated with large thrust faults, many of which can be dated as middle 
or later Tertiary. Some of the features accompanying these faults appear 
to be without counterpart in North America; and they are so amazingly 
complex that the writer, in his endeavors to interpret them, has pro- 
ceeded only slowly from bewilderment to partial understanding. The 
purpose of this paper is to describe some of these features as exemplified 
in a typical area of 100 square miles, designated the Virgin Spring area, 
which lies near the center of what will be called the southern Death 
Valley region. 

The writer is studying the geology of the Death Valley region under 
the auspices of the United States Geological Survey. The project includes 
the areal mapping of the southern half of the Furnace Creek quadrangle 
and the northern half of the Avawatz Mountains quadrangle. Field work 
was begun in October 1931 and has been continued intermittently for 9 
years. The field work done in 1934 was supported by a grant from the 
Penrose Bequest of The Geological Society of America. 

C. Lewis Gazin rendered valuable assistance in the field for 2 months 
in the spring of 1933. During the years 1935, 1936, and 1937 H. Donald 
Curry co-operated in a reconnaissance of the region. This association 
was of invaluable aid; all the important discoveries of fossils that throw 
light on the age of the Tertiary rocks in the region were made by him, 
and the interpretation of many structural features was worked out with 
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his help. In 1937 John Hazzard measured a section of the Paleozoic 
rocks in the Nopah Range which has become indispensable in the study 
of the region. During the years 1938 and 1939, Thomas P. Thayer of 
the Geological Survey made a study of the Tertiary rocks in the northern 
Black Mountains, where he mapped an area of 100 square miles bor- 
dering Furnace Creek. The results of Thayer’s work are of fundamental 
importance in the interpretation of the Tertiary stratigraphy and structure 
of the region. 

The existence of structural features like the most remarkable of those 
to be described in the present paper was probably first suspected at 
least 32 years ago by Ransome (1910) as a result of his work, during 
1905 and 1908, in the Bullfrog district, which is 60 miles north of the 
Virgin Spring area. Ransome believed that the Tertiary rocks had there 
been thrust over the older rocks on a flat fault but he was unable to 
find proof of this hypothesis, and no such fault is shown in his structure 
sections. 

Longwell (1921), as a result of his work in the Muddy Mountains of 
Nevada in 1919, first recognized the importance of flat thrust faults in 
the southern Basin and Range province. His systematic and detailed 
studies in the province, which have been carried on since that time and 
are still in progress, have shown that thrust faults are widespread in an 
area at least 10,000 square miles in extent bordering the Death Valley 
region on the east; but he (1926, 1928) believes that these faults are 
probably of early Tertiary (Laramide) age. To what extent they are 
represented in the Death Valley region and how they are related to the 
faults described in the present paper are as yet unknown. 

Hewett (1928), on the basis of observations begun in 1924, demon- 
strated the existence in the area east of the Death Valley region of 
flat thrust faults of middle or late Tertiary age upon which, in general, 
younger rocks have been pushed over older rocks. The faults described 
by Hewett are in the Shadow Mountains, 35 miles southeast of the Virgin 
Spring area. Similar faults in the Johnnie district, 35 miles northeast 
of this area, were described by Nolan (1929), who correlated them with 
those studied by Hewett in the Shadow Mountains. 

Notwithstanding these pioneer studies, a great deal remained to be 
learned regarding both the stratigraphy and the structure of the region 
when, in 1931, the writer began his work. Six seasons of reconnaissance 
were therefore given to determining the age, character, and distribution 
of the rocks as a foundation for the study of the structure. This recon- 
naissance included not only the entire extent of the Furnace Creek and 
Avawatz Mountains quadrangles but adjacent parts of the Ballarat 
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and Searles Lake quadrangles, the total area covered being more than 
8000 square miles. The results of the first 2 years of the reconnaissance 
have been recorded in a brief progress report (Noble, 1934). 

Areal mapping of the region and systematic study of the structure 
were begun in 1937. Since then about 500 square miles have been mapped 
by the writer and about 200 square miles each by Curry and Thayer. The 
ground covered by the writer includes the Virgin Spring area, which is 
the chief subject of the present paper, and a strip 50 miles long and 3 
miles wide extending from Death Valley to the Kingston Range. A geo- 
logic section along this strip is described in this paper, which also embodies 
observations made in the Black, Owlshead, and Avawatz Mountains and 
in the Ibex Hills, where other small areas were mapped. 

During the early years of reconnaissance, Professors William Morris 
Davis, H. E. Gregory, and John E. Wolff each made several visits to 
the region with the writer, who derived much help and stimulation from 
his field contacts with these eminent men. 

During the later stages of the work, H. G. Ferguson, James Gilluly, 
D. F. Hewett, G. F. Loughlin, W. C. Mendenhall, G. W. Stose, and Anna 
Jonas Stose each spent a week or more in the Virgin Spring and adjacent 
areas. The constructive field criticism offered by these geologists and 
their personal interest in the problem have been of immeasurable value. 
The writer is indebted to H. G. Ferguson for reading the text of this 
paper and for giving helpful advice regarding its arrangement and to 
G. W. Stose for preparing the maps and illustrations, devising methods 
of representing the structure on the maps, and for helpful suggestions 
concerning the text. F. C. Calkins also has criticized the text with special 
regard to composition. 

It is now an easy matter to visit the Death Valley region; the Death 
Valley National Monument has been systematically developed for travel, 
and its improved highways are annually traversed by thousands of tour- 
ists. The more remote parts of the region, on the other hand, are difficult 
of access except to the experienced desert traveler, though much of it 
can be reached by automobile over unimproved desert roads. 

The region is a paradise for the geologist. Owing to the great irregu- 
larity of the topographic relief, the extreme aridity of the climate, and 
the almost complete absence of vegetation, the rocky structure of the 
mountain ranges is laid bare to an extent that is unusual even in the 
desert. Geologie work is possible almost everywhere throughout the year, 
except that the crest of the Panamint Range is snow-covered for part 
of the winter and the deeper parts of the Death Valley trough are intol- 
erably hot in summer. 
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SOUTHERN DEATH VALLEY REGION 
LOCATION AND EXTENT 


The term southern Death Valley region will be applied in this paper 
to the tract represented by Plate 1. This tract measures 56 by 68 miles 
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Ficure 1—Index map of eastern California 
Showing location of southern Death Valley region and Virgin Spring area. 


and has an area of about 3800 square miles—500 in Nevada and 3300 
in southeastern California. It extends from the Funeral Mountains on 
the north to the Avawatz Mountains on the south and from the Panamint 
Range on the west to Pahrump Valley on the east. It lies between 
parallels 35°30’ and 36°30’ and meridians 116° and 117° and consists 
of the southern half of the Furnace Creek and the northern half of the 
Avawatz Mountains quadrangles of the Geological Survey. About a 
third of the area lies within the Death Valley National Monument. 
The index map of eastern California (Fig. 1) shows the general geo- 
graphic position of the southern Death Valley region and the Virgin 
Spring area. The sketch map of the southern Death Valley region (PI. 1) 
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shows the topographic features and routes of travel within the region and 
the location of the Virgin Spring area. 
TOPOGRAPHY 


The outstanding topographic feature of the region is the Death Valley 
trough, which extends diagonally across the area from northwest to 
southeast. Death Valley itself, whose floor is below sea level, is the low- 
est part of the trough. Two desert river systems, the Amargosa and the 
Mohave, unite in the trough near Salt Springs and continue northwest- 
ward to Death Valley as Amargosa River. The stream channels of both 
systems are usually dry through most of their lower courses, but at times 
of exceptional flood the waters of Amargosa River reach Death Valley. 
The flood waters of Mohave River have not reached Death Valley within 
historic time. They reach and occasionally fill Silver Lake, an inter- 
mittent but usually dry lake 10 miles south of Silurian Lake and beyond 
the southern border of the area shown in Plate 1 but never overflow the 
low divide between the two lakes. 

Most of the large troughlike depressions or valleys in the area extend 
northwestward or northward, roughly parallel with the Death Valley 
trough. A notable exception is an east-west depression that includes Leach 
Lake and Leach Trough and extends westward from the Avawatz Moun- 
tains to and far beyond the western border of the area. This depression 
is associated with the Garlock fault, one of the major faults of California, 
which extends westward to the San Andreas Rift (Noble, 1927, p. 34). 

All parts of the area drain into the Death Valley trough except two 
depressions in the Owlshead Mountains that contain Owl and Lost Lakes, 
the depressions along Leach Trough, and Pahrump and Stewart valleys. 

Several mountain ranges—the Owlshead, Black, Greenwater, Resting 
Springs, and Nopah—lie wholly within the area. A part of the Panamint 
Range lies within the western border; a part of the Funeral Mountains 
lies within the northern border; and parts of the Granite and Avawatz 
Mountains lie within the southern border. The Spring, Kingston, and 
Shadow mountain ranges lie just east of the area, and a small part of 
each range extends into the area. Most of the ranges, like the troughlike 
depressions, are alined northwestward or northward. 

The highest point in the area is Pyramid Peak, in the Funeral Moun- 
tains, 6725 feet above sea level; the lowest is Badwater, on the floor of 
Death Valley, 280 feet below sea level. 


STRATIGRAPHY 


General statement.—The structural features which it is the main pur- 
pose of this paper to describe involve most geologic formations that 
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occur in the southern Death Valley region, and the structure cannot be 
fully understood without some knowledge of the stratigraphy. A sketch 
of the regional stratigraphy, therefore, will now be presented. The rocks 
that occur in the Virgin Spring area will be described later in more detail. 

The southern Death Valley region contains rocks of at least eight 
geologic systems—pre-Cambrian, Cambrian, Ordovician, Silurian, De- 
vonian, Carboniferous, Tertiary, and Quaternary—whose aggregate thick- 
ness certainly exceeds 45,000 feet for the stratified rocks alone. The 
earlier pre-Cambrian rocks are intensely metamorphosed; the later pre- 
Cambrian, Paleozoic, and Tertiary rocks are only locally altered, and 
their characteristic features are recognizable almost everywhere. Wide- 
spread angular unconformities separate the earlier pre-Cambrian from 
the later pre-Cambrian rocks, the later pre-Cambrian from the Cambrian 
rocks, and the Tertiary rocks from all older rocks. The greatest strati- 
graphic break of the region is the unconformity between the intensely 
metamorphosed earlier pre-Cambrian rocks and the relatively unmeta- 
morphosed later pre-Cambrian rocks, which, though separated from the 
Cambrian rocks by an unconformity, are hardly more altered than even 
the youngest of the Paleozoic rocks. The unconformity at the base of the 
Tertiary rocks, however, is a major break, second only to that between 
the earlier and later pre-Cambrian. 


Earlier pre-Cambrian metamorphic rocks.—The earlier pre-Cambrian 
metamorphic rocks are widespread. They form the cores of the Panamint 
Range, the Funeral, Black, and Avawatz mountains, and the Ibex and 
Silurian hills and are exposed in the Greenwater and Kingston ranges and 
in the Owlshead Mountains. 

In the Panamint Range the pre-Cambrian metamorphic rocks, as de- 
scribed by Murphy (1932, p. 337), comprise an older series, largely schists 
and gneisses, which he has named the Panamint metamorphic complex, 
and an upper series of metamorphosed sediments—largely schists, slates, 
quartzites, and dolomitic limestones—which he has subdivided under the 
names Marvel limestone, Surprise formation, and Telescope group. In 
the Funeral Mountains the pre-Cambrian metamorphic rocks include 
phyllites, schists, dolomites, quartzites, and graywackes that in part 
resemble Murphy’s Surprise formation. Schists that resemble those of 
the Panamint Range are exposed in the Quail Mountains and the western 
part of the Avawatz Mountains. 

Elsewhere in the southern Death Valley region the pre-Cambrian meta- 
morphic rocks are chiefly granitic and dioritic gneisses. No rocks compa- 
rable to the Surprise formation and Telescope group described by Murphy 
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are known east of the Death Valley trough, south of the Funeral Moun- 
tains. Only the gneisses are present in the Virgin Spring area. 


Later pre-Cambrian sedimentary rocks—The later pre-Cambrian sedi- 
mentary rocks in the southern Death Valley region were first described 
by Gilbert (1875, p. 170), who measured a section at Saratoga Springs 
(Pl. 1) 15 miles southeast of the Virgin Spring area. Later Campbell 
(1902, p. 14) described the same section. Both Gilbert and Campbell 
believed the rocks in this section to be pre-Cambrian. The writer of the 
present paper has described them in a general way and has referred to 
them as Algonkian strata (Noble, 1934). Hewett (1940) studied these 
rocks in the Kingston Range, just east of the southern Death Valley 
region, and grouped them into three formations—the Crystal Spring for- 
mation, Beck Spring dolomite, and the Kingston Peak formation—which 
together constitute the Pahrump series. 

The outcrops of the Pahrump series lie in a northwest-trending belt 
that occupies and borders the southern part of the Death Valley trough. 
The belt, which does not exceed 25 miles in width, extends 75 miles south- 
eastward from Six Spring Canyon in the Panamint Range (PI. 1), its 
southeast end being in the Ivanpah quadrangle. No outcrops of the 
Pahrump series are known in the southern Death Valley region outside 
the belt described. 

Hewett’s section of the Pahrump series in the Kingston Range (1940) 
is summarized as follows: 


Lower Cambrian 
Dolomite (Recently named Noonday dolomite) 
UNCONFORMITY 
Later pre-Cambrian 
Pahrump series 


UNCONFORMITY 4900 


Earlier pre-Cambrian 
Granite gneiss 

The Crystal Spring formation comprises quartzite, arkose, shale, and 
dolomite, intruded by sills of diabase, with beds of dolomite and chert 
at the top and thick coarse conglomerate at the base. The conglomeratic 
quartzite at the base of the formation rests upon earlier pre-Cambrian 
gneiss. 

The Beck Spring dolomite overlies the Crystal Spring formation con- 
formably. It is made up largely of beds of light bluish-gray dolomite, 
many of which exhibit characteristic markings that may be of algal 
origin. 
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The Kingston Peak formation, which conformably overlies the Beck 
Spring dolomite, consists mainly of sandstone and dolomite but includes, 
in its middle part, a thick fanglomerate made up largely of subangular 
cobbles of dolomite, quartzite, and granite. 

In general the rocks of the Pahrump series are no more highly meta- 
morphosed than the Paleozoic rocks of the region. Shales are altered 
to slates or phyllites at places and sandstones to quartzites; but, in con- 
trast with the earlier pre-Cambrian rocks, which are all regionally meta- 
morphosed, the Pahrump series exhibits only local metamorphism mostly 
due to intrusive bodies. Some of the metamorphism is associated with 
the diabase intrusions, which are particularly abundant in the Crystal 
Spring formation. Along the contacts of these intrusions, shales are altered 
to jasperoid rocks, and the dolomites contain deposits of tale, from which 
most of the tale mined in the southern Death Valley region has eome. 
The diabase intrusions themselves are pre-Cambrian. 

The thickness of the Pahrump series is considerably greater in the 
southern Death Valley region than it is in the Kingston Range, where 
Hewett’s section was measured, and is probably nearer 10,000 than 5000 
feet. The Crystal Spring formation contains more different lithologic 
units in this region than in tie Kingston Range; the Beck Spring dolo- 
mite is at least as thick as it is in the Kingston Range; and the Kingston 
Peak formation contains fully 2000 feet of red beds that apparently are 
not represented in the Kingston Range—a curious assemblage of very 
thin laminated red shales occurring in countless alternations with beds 
of dark greenish-gray or brown fine-grained sandstone and with beds of 
conglomerate composed partly of well-rounded pebbles and partly of 
sharply angular pebbles. 

As already stated, the unconformity at the base of the Pahrump series 
is the greatest in the region. It strongly resembles the unconformity 
between the unmetamorphosed Grand Canyon series and the metamor- 
phosed earlier pre-Cambrian rocks in the Grand Canyon of Arizona and 
may be continuous with it. At most places in the southern Death Valley 
region the basal conglomerate of the Crystal Spring formation overlies 
granitic or dioritic gneiss but at Galena Canyon in the Panamint Range 
(Pl. 1) it overlies phyllite that may be a part either of Murphy’s Surprise 
formation or of his Telescope group (1932, p. 337). 

All formations of the Pahrump series, and the intrusive diabase, are 
represented in the Virgin Spring area. 


Paleozoic rocks.—Paleozoic rocks in the southern Death Valley region 
were first described by Spurr (1903, p. 194-205) in a brief reconnaissance 
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report. The writer of the present report has also described them in a 
very general way (Noble, 1934). 

The Paleozoic has been studied in detail in only two parts of the 
region. Nolan (1929, p. 461-472) described three Lower Cambrian for- 
mations, which occur in the Spring Mountain Range, near Johnnie, in 
the extreme northeast corner of the mapped area (PI. 1). These he named 
the Johnnie formation, Stirling quartzite, and Wood Canyon formation. 
In the Resting Springs and Nopah Ranges, near Shoshone, in the eastern 
part of the area, Hazzard (1937, p. 273-339) has measured a detailed 
section, from Lower Cambrian to Pennsylvanian inclusive, which has 
become the standard for the region. 

John Mason has recently mapped the Paleozoic formations in parts 
of the Resting Springs and Nopah Ranges and in the Dublin Hills, but 
the results of his work are unpublished. 

The Dublin Hills, which rise just west of the Amargosa River at Sho- 
shone, 12 miles east of the Virgin Spring area, are composed of Cambrian 
rocks. East, northeast, and north of these hills all the exposed pre- 
Tertiary rocks are Paleozoic for distances of 50 to more than 100 miles. 
This vast area of Paleozoic rocks includes not only all the northeastern 
part of the southern Death Valley region but nearly all the Las Vegas 
quadrangle and nearly all the northern half of the Ivanpah quadrangle, 
east of the region; and it extends, with interruptions, to the Colorado 
Plateau province. The rocks of all systems of the Paleozoic are repre- 
sented in this area. 

Paleozoic rocks also form the southern face of the Funeral Mountains, 
25 miles north of the Virgin Spring area (PI. 1), and a part of the eastern 
face of the Panamint Range north of Gold Hill, 12 miles northwest of 
the area. Numerous isolated outcrops are associated with the later pre- 
Cambrian rocks of the Pahrump series throughout the 75-mile-long north- 
west-trending belt of Pahrump rocks already described. 

Hazzard’s section of the Paleozoic in the Resting Springs and Nopah 
Ranges showing the formation names and thicknesses (1937, p. 273-339) 


is summarized as follows: 
Feet 


Paleozoic 
Monte Cristo (7) limestone 987-+- 
UNCONFORMITY 
Stewart Valley limestone 1180+ 
UNCONFORMITY 
Middle (?) Devonian 
UNCONFORMITY 


4 
f 
| 


952 L. F. NOBLE—STRUCTUKAL FEATURES OF VIRGIN SPRING AREA 


Feet 
Upper Ordovician 
Middle Ordovician 
Lower Ordovician 
Cornfield Springs formation ...................... 2975 
Bonanza King formation .....................6-. 1515 
DISCONFORMITY (?) 
2550 
Total thickness of Paleozoic ................. 22,875+ 
UNCONFORMITY 


Pre-Cambrian rocks 


Cambrian formations occur in the Virgin Spring area, but the higher 
Paleozoic formations are not represented and therefore need not be de- 
scribed here. 

The basal Lower Cambrian formation—the Noonday dolomite—is a 
massive rock that weathers pale tan or buff and contains distinctive 
markings believed to be algal. It is easily recognized by its character- 
istic lithologic features wherever it occurs in the region. 

The overlying Johnnie formation is made up of alternating beds of 
dolomite, quartzite, and shale. The dolomites are for the most part algal 
and are brown or buff—characters that readily distinguish them from the 
dolomites of the Middle and Upper Cambrian, which are dominantly dark 
grayish blue. The shales and quartzites are commonly more variable in 
color than those higher in the Cambrian. The entire Johnnie formation 
is lithologically more similar to parts of the later pre-Cambrian Pahrump 
series than to any younger formation in the Paleozoic; in isolated out- 
crops some units of the Johnnie can hardly be distinguished from similar 
units of the Pahrump series. 

The Johnnie formation represented in the Virgin Spring area is all 
lithologically similar to the Johnnie (?) described by Hazzard in the 
Resting Springs and Nopah section. Hazzard applied the name with a 
query because the lower three-quarters of Nolan’s type section of the 
Johnnie formation is a monotonous assemblage of dull greenish-gray 
quartzites, sandy shales, slates, and schists that do not closely resemble 
any large unit in Hazzard’s section. However, both series of strata occupy 
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@ similar stratigraphic position beneath the Stirling quartzite, and the beds 
in Hazzard’s area and southern Death Valley are lithologically similar 
to the upper quarter of Nolan’s Johnnie formation. The name Johnnie 
formation is used here without the query, with the understanding that 
not all of the type Johnnie is represented in Death Valley. 

In contrast with the Johnnie formation the overlying Stirling quartzite 
is a featureless, homogeneous formation, which consists almost entirely 
of dark-weathering fine- to medium-grained quartzite. 

The succeeding Wood Canyon formation consists partly of dark- 
weathering quartzite, which is difficult to distinguish in isolated outcrops 
from the Stirling quartzite, and partly of alternating beds of shale, lime- 
stone, and quartzite. Some beds in the upper part of the formation 
contain Lower Cambrian fossils. Except for forms that are believed to 
be algal, no fossils have been found in any formation in the region older 
than the Wood Canyon. 

No rocks identifiable with the Cadiz formation of Hazzard’s section, 
which consists of weak shale and platy limestone and constitutes the 
basal unit of the middle Cambrian, have been recognized in the Virgin 
Spring area. 

Above the Cadiz lies many thousand feet of massive dolomites, which 
include the Middle Cambrian Bonanza King and Cornfield Springs for- 
mations, named in the Providence Mountains region by Hazzard and 
Mason (1936, p. 234-240) and recognized in the Resting Springs and 
Nopah section by Hazzard (1937, p. 316-320), and the Upper Cambrian 
Nopah formation named by Hazzard (1937, p. 320-322). These dolomites 
are in part equivalent to the Goodsprings dolomite of Hewett (1931, 
p. 12-13). Much of the fresh dolomite has a peculiar gray mottling that 
is common in the Cambrian carbonate rocks not only of this region but 
of many others. It weathers dark smoky gray. Masses of this dolomite 
have been identified in the Virgin Spring area, but without fossil evidence 
it is not possible to determine the exact horizon in the Middle or Upper 
Cambrian that they represent. 

According to Hazzard and Hewett an angular unconformity separates 
the basal Cambrian formation—the Noonday dolomite—from underlying 
pre-Cambrian rocks (Hazzard, 1937, p. 299; Hewett, in manuscript). 
Although the unconformity bevels all formations of the later pre-Cambrian 
Pahrump series and the earlier pre-Cambrian gneiss it does not represent 
nearly so great a stratigraphic break as either the unconformity at the 
base of the Pahrump series or the unconformity at the base of the Ter- 
tiary ; the Pahrump series below the unconformity is not appreciably more 
altered than the Lower Cambrian Noonday and Johnnie formations 
above it. 
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Masses of crystalline limestone or dolomite, much of it altered to lime- 
silicate rock, are associated with pre-Cambrian gneiss at Mormon Point. 
These altered carbonate rocks may be earlier pre-Cambrian or may repre- 
sent one of the later pre-Cambrian or Paleozoic formations. 


Granitic intrusive rocks——Granite is exposed at many places in the 
southern Death Valley region, where it covers altogether at least 600 
square miles but it does not outcrop within the large area of Paleozoic 
rocks that occupies all the northeastern part of the region, or in the 
Funeral Mountains. 

In the Owlshead Mountains outcrops of granite cover at least 150 
square miles. Other large masses lie in the Black, Greenwater, Avawatz, 
Granite, and southern Panamint ranges (Pl. 1). The small part of the 
Kingston Range that lies within the area is composed of granite which 
extends far southward in the Ivanpah quadrangle to the Cima Dome. 

Much of the granite is near quartz monzonite in composition. In some 
areas it is all coarsely crystalline; elsewhere it is porphyritic or exhibits 
much variation in texture. None of it is gneissoid. 

The age and relations of most of the granite are unknown. That in 
the Owlshead Mountains cuts the later pre-Cambrian Pahrump series, 
and the granite in the Panamint Range cuts rocks as young as Carbon- 
iferous. According to Thayer (personal communication), porphyritic 
granite in the Greenwater Range and Black Mountains cuts volcanic 
rocks that are believed to be a part of the Artist Drive formation of the 
earlier Tertiary. According to Hewett (in manuscript) the granite in the 
Kingston Range is early Tertiary. Although the granite in all the areas 
may be roughly contemporaneous it more probably represents two or 
more widely separated periods of intrusion. 

A body of granite that will be described later is present in the Virgin 
Spring area and extends north of the area to Gold Valley. 


Tertiary rocks.—Tertiary rocks in the southern Death Valley region 
have been described in brief reconnaissance reports (Campbell, 1902, 
p. 16-18; Spurr, 1903, p. 189-195; Keyes, 1909, p. 674-710; 1923, p. 79; 
Phalen, 1912, p. 526-531; Noble, Mansfield, et al., 1922; Noble, 1926, 
1931, 1934). These are largely descriptions of deposits of borates, nitrates, 
gypsum, celestite, salt, and other saline minerals associated with the 
Tertiary rocks in different parts of the region. 

T. P. Thayer has made a systematic study of the Tertiary rocks in the 
northern Black Mountains and Greenwater Range (PI. 1), where he has 
mapped in great detail an area of 100 square miles, bordering Furnace 
Creek, and has measured a section of the rocks. This area lies 20 miles 
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north of the Virgin Spring area. The results of his work are unpub- 
lished. A similar study of the Tertiary rocks in Copper Canyon (PI. 1) 
and other parts of Death Valley by H. Donald Curry is in progress. 

Several reports describe Tertiary rocks just outside the southern Death 
Valley region. Ball (1907) encountered much Tertiary material in mak- 
ing a geological reconnaissance of an area in southwestern Nevada and 
eastern California that extends southward to parallel 36°30’, which is 
the northern boundary of the area shown in Plate 1. Stock and Bode 
(1935, p. 571-579) describe Oligocene mammal-bearing beds in an area 
30 miles north of this parallel; and Henshaw (1939) reports mammal- 
bearing upper Miocene (?) or lower Pliocene (?) beds in the Avawatz 
Mountains in an area 10 miles south of parallel 35°30’, which is the 
southern boundary of the region. 

The Tertiary rocks are widely and irregularly distributed. In the 3800 
square miles shown on the map (PI. 1) it would be difficult to select any 
area 10 miles square that does not contain them. They occur irregularly 
on the mountain ranges, at some places covering the slopes and at others 
forming the highest summits. Death Valley and all other large topo- 
graphic depressions are wholly or in large part underlain by Tertiary 
rocks. 

Thayer’s section of the Tertiary rocks in the northern Black Mountains 
and Greenwater Range is summarized as follows: 


Quaternary deposits 


UNCONFORMITY 
Tertiary rocks 
UNCONFORMITY 
UNCONFORMITY 
Furnace Creek formation (Upper Miocene or Pliocene).................. 2500 
UNCONFORMITY 
Artist Drive formation (Oligocene or Miocene)......................005. 5000 
UNCONFORMITY 


Paleozoic rocks 


Thayer (personal communication) states that, although all parts of 
the section are well exposed, the rocks are so broken by low-angle over- 
thrust faults that estimates of thicknesses are little better than guesses. 

The Artist Drive formation is typically exposed in the west face of the 
Black Mountains near Artist Drive (Pl. 1). It comprises 1000 feet or 
more of impure well-stratified ash beds that contain remains ef fresh- 
water fish, conformably overlain by alternating basaltic and _latitic 
flows, tuffs, and breccias that make up the bulk of the formation. These 
voleanic rocks are more or less altered. Interlayered with the volcanics 
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are basin deposits that range from fanglomerate to playa clay and algal 
limestone. The base of the Artist Drive formation is not exposed. The 
formation is tentatively correlated with the Oligocene Titus Canyon for- 
mation of Stock and Bode in the Grapevine and Funeral Mountains 
(Stock and Bode, 1935, p. 571-579) but it may be in part Miocene. 

The Furnace Creek formation is typically exposed in Furnace Creek 
Wash and the eastern slope of the Black Mountains. It varies greatly 
in character from place to place but consists largely of voleanic rocks 
with interbedded fanglomerate, yellowish sandstone, and tuffaceous clay 
shale. Most of the voleanic rocks are latitic and consist of green or gray 
vitrophyre and varicolored platy felsite, tuff, and breccia. A few flows 
are basalt. The borate deposits of the region are in playa sediments in 
the Furnace Creek formation which interfinger with the volcanic rocks. 
South and west of Ryan the water-laid sediments taper out, and the for- 
mation consists almost entirely of light-colored lava flows, tuffs, and 
breccias. 

The evidence regarding the age of the Furnace Creek formation consists 
(1) of fossil footprints found by Curry in Copper Canyon (PI. 1) and 
other places in beds that are lithologically similar to and occupy the 
stratigraphic position of the Furnace Creek formation, and (2) of fossil 
plant remains reported by Axelrod (1940) from the upper part of the 
Furnace Creek formation in Furnace Creek Wash. 

According to Curry (personal communication), the tracks are mostly 
those of various species of mammals and are very numerous. He states 
that the large size of many of the artiodacty] and horse tracks, the modern 
character of some of the canid tracks, and the presence of a small 
elephant track indicate that the beds are not older than upper Miocene 
and not younger than middle Pliocene and are probably lower Pliocene. 
According to Axelrod (1940), the plant remains are probably lower Plio- 
cene. 

The Greenwater volcanics are typically exposed between Greenwater 
Canyon and Brown’s Peak, in the Greenwater Range, where they lie 
unconformably upon tilted volcanic rocks of the Furnace Creek forma- 
tion. They consist of fresh, glassy andesitic and latitic lavas, tuffs, and 
breccias, which in Greenwater Canyon interfinger with pumiceous water- 
laid tuffs. It is not known whether the unconformity that separates them 
from the Furnace Creek formation represents a relatively small or a 
great interval of time. 

The Funeral fanglomerate is widely distributed in all the region sur- 
rounding Death Valley and is typically exposed between the base of 
the Funeral Range and Ryan (PI. 1). It is composed principally of fan- 
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glomerate and other arid-basin deposits but it contains interbedded flows 
of basalt, which form conspicuous flat or gently sloping cappings at Ryan 
and at Funeral Peak and several other high peaks in the Black Mountains 
and Greenwater Range. It lies unconformably on all older formations 
and is unconformably overlain in Amargosa Valley by a series of flat- 
lying beds that contain Pleistocene fossils. The age of the Funeral 
fanglomerate is therefore believed to be Pliocene but it may be in part 
early Pleistocene. The formation was deposited later than the Amargosa 
thrusting. It is well displayed in the Virgin Spring area, in connection 
with which it will be described in more detail. 

It is not yet possible to correlate most of these Tertiary formations 
throughout the southern Death Valley region. The difficulty is not due 
so much to incomplete knowledge of the distribution and character of 
the rocks as to their great horizontal and vertical variability, which 
makes lithologic character almost valueless for correlation. The Funeral 
fanglomerate with its included basalt, however, is readily identifiable 
wherever it occurs in the region. 

Altered and partly metamorphosed rocks, largely volcanic, whose age 
and relations are uncertain, cover several square miles south of Cave 
Spring in the Avawatz Mountains (Pl. 1). Somewhat similar meta- 
voleanic rocks have been reported by Hulin (1934, p. 418) just west of 


the southern Death Valley region. He regards them as possibly Triassic 
or Jurassic. 


Quaternary rocks.—Quaternary deposits lie unconformably upon all 
rocks heretofore described. They include alluvial fans; sand dunes; 
playa deposits; some patches of basaltic cinders and dissected cinder 
cones; a deposit of rock salt at least 125 square miles in extent in the 
bottom of Death Valley; dissected playa or lake beds, gravel, and vol- 
canic ash in Amargosa and Pahrump Valleys; and dissected gravels and 
lake deposits in Death Valley near Furnace Creek. 

The Quaternary rocks have been described in a general way by the 
writer (Noble, 1934). The dissected lake beds in Amargosa Valley have 
been described by Campbell (1902, p. 14-16), by Mansfield (Noble, Mans- 
field, et al., 1922, p. 59-66), by Noble (1926, p. 67-70; 1931, p. 62-71), 
and by Blackwelder (1935, p. 333). The salt deposit in the bottom of 
Death Valley has been described by Gale (1913, p. 11-19), and the shore- 
line features of the extinct lake in Death Valley by Noble (1926, p. 69-70; 
1931, p. 102-103; Plate 19-B) and by Blackwelder (1933, p. 464-471). 

The dissected playa or lake beds in Amargosa Valley between Shoshone 
and Tecopa contain elephant remains that, according to Curry (personal 
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communication), who collected them, are Pleistocene. Similar deposits 
at Ash Meadows and in Pahrump Valley (Pl. 1) are also probably 
Pleistocene, as are the dissected deposits in Death Valley. 

A well at least 600 feet deep drilled in the salt deposit in the bottom 
of Death Valley near the —274 bench mark southwest of Mushroom Rock 
penetrated alternating beds of clay and rock salt without reaching bed- 
rock, so that the Quaternary filling of Death Valley at this point must 
be at least 600 feet thick. Shoreline terraces at places about the margin 
of the valley (Pls. 2, 4) show that the valley was once occupied by a 
lake, but the 600 feet of clay and salt probably represents a lacustrine 
period infinitely longer than that in which these feeble shore lines were 


formed. 
STRUCTURE 


The outstanding structural features of the general region are large low- 
angle thrust faults, which appear to be middle or late Tertiary in age. 
The thrust planes have been folded, and the folding has been accom- 
panied or followed by iarge-scale movement on steep faults, which has 
continued to the present. For the most part the thrust faults follow un- 
conformities between the earlier and the later pre-Cambrian rocks, be- 
tween the later pre-Cambrian and the Cambrian rocks, and between 
the Tertiary and all older rocks. Thrusting of younger over older rocks 
is more common than thrusting of older over younger. (See Plate 2.) 

There is no evidence in this region of the Jurassic (Nevadian) defor- 
mation found farther north by Ferguson and Muller (1936). There are, 
however, a number of large thrust faults that bring older over younger 
Paleozoic rocks, which may represent the early Tertiary (Laramide) 
deformation studied by Longwell farther east (1926, p. 551-584; 1928). 
These faults are not further discussed in this paper. The thrust faults 
that are the chief subject of the present paper are correlated with the 
middle or late Tertiary deformation farther southeast, which has been 
studied by Hewett (1928, p. 7-12). 

Throughout the region the later pre-Cambrian and Paleozoic rocks are 
disordered by faulting. In some areas they are so intricately broken 
that the disorder is chaotic; structural blocks are measurable in hundreds 
or mere tens of feet and obviously not mappable on a scale of 1 : 62,500. 
In other areas they are more coarsely broken, and individual blocks are 
mappable. In still other areas structural blocks in which the strati- 
graphie sequence is unbroken are measurable in thousands of feet or 
even miles. The degree of disorder varies from place to place in the 
region but in general it increases progressively westward and is greatest 
near the Death Valley trough. Imbricate, or “schuppen,” structure is 
conspicuous at many places. Competent rocks such as massive dolomites 
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and quartzites tend to override weaker rocks such as shales and to form 
a monoclinally dipping series in which the present succession of the rocks 
differs widely from their original stratigraphic sequence. Throughout 
the region, even in areas of chaotic disorder, the prevailing dip of the 
strata is easterly—ranging from southeast to northeast—and is commonly 
as steep as 45 degrees, so that in crossing the region from east to west 
one descends, broadly speaking, in the stratigraphic column, but parts of 
the section are repeated again and again in separate blocks and in sepa- 
rate areas, and this repetition gives the larger blocks the appearance of 
monoclinal fault blocks. 

One fact regarding the structure of the Tertiary rocks stands out clearly 
not only throughout the southern Death Valley region but in adjoining 
regions, including the Mohave Desert. They are broadly divisible into 
two structurally contrasting groups—an older group highly disordered 
by folding and complex thrust faulting, and a younger group less sharply 
folded and broken chiefly by normal faults. The two groups are sepa- 
rated by an angular unconformity. The Artist Drive and Furnace Creek 
formations form a part of the older group, and the Funeral fanglomerate 
and possibly the Greenwater volcanics compose the younger group. 

The rocks of the older structural group record an earlier period of 
intense and complex folding and faulting. They are disordered every- 
where in the region, though the degree of disorder varies greatly from 
place to place. In some areas the disorder is chaotic, and the rock units 
are not mappable on a 1 : 62,500 scale. In other areas the rocks are a 
mosaic of blocks produced by complex thrust and normal faulting, but 
the units are mappable. In still other areas the rocks are complexly 
folded but not greatly faulted. At least a part of the older group of 
Tertiary rocks is involved in the low-angle thrust faulting. It is for 
this reason that the major orogeny in the Death Valley region is re- 
garded as middle or late Tertiary in age and is correlated with the 
Tertiary deformation farther southeast (Hewett, 1928, p. 7-12). 

The rocks of the younger structural group record a period of moderate 
folding, accompanied or followed by normal faulting, so recent that both 
faults and folds are still reflected in the topography. The attitude of 
the Funeral fanglomerate affords everywhere an index of these latest earth 
movements in the region. Thus Death Valley is in part a syncline 
in the Funeral fanglomerate modified by faulting. Rocks of this forma- 
tion cap Funeral Peak, which is the highest point in the Black Moun- 
tains and has an altitude of 6391 feet, and they also crop out at 
Shoreline Hill (Pl. 1), on the floor of Death Valley, 183 feet below sea 
level. Wingate Wash, Furnace Creek Wash, and Greenwater Valley also 
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conform to synclines in the Funeral fanglomerate. The axes of the 
synclines differ widely in strike; the axis of Wingate Wash, for example, 
is at right angles to the axis of the Death Valley trough, whereas much 
of Furnace Creek Wash and Greenwater Valley is roughly parallel to 
the trough. At some places the late folding has produced broad domes, 
of which the Owlshead Mountains and several domes in the Greenwater 
Range are examples. Many normal faults follow the limbs of these folds. 

The Quaternary deposits are almost undisturbed in comparison with 
the Tertiary rocks; but alluvial fans are displaced by recent faults east 
of Sheep Creek Spring at the base of the Avawatz Mountains (PI. 1), 
places along the Garlock fault in the Quail Mountains, and many 
places in Death Valley. Some of the faults exhibit evidence of both 
horizontal and vertical movement, and some appear to be thrust faults. 
Some of the Quaternary deposits are gently domed or warped. 


VIRGIN SPRING AREA 
GENERAL STATEMENT 


The Virgin Spring area, which is 7 by 14 miles in extent, lies in the 
southern Black Mountains east of the south end of Death Valley (Pls. 
1, 3; Fig. 2). It contains typical examples of the structural features char- 
acteristic of the region, and magnificent natural cross sections of these 
features are exposed within this area in Virgin Spring Canyon and on the 
steep mountain slopes bordering Jubilee Wash and Death Valley. An 
improved highway crosses the area and affords easy access to it from 
Shoshone, 17 miles distant, or from Furnace Creek Ranch, 36 miles dis- 
tant. Unimproved desert roads that branch from this highway and 
follow Rhodes, Graham, and Charlie’s Pride Washes and Virgin Spring 
and Ashford Canyons afford access to most of the features to be de- 
scribed. 

The topography of the Virgin Spring area, Confidence Hills, and Owls- 
head Mountains is shown on Figure 2, and the geologic structure of the 
Virgin Spring area is shown on Plates 3 and 4. 

A flat thrust fault, whose plane of rupture is believed to have followed 
roughly the contact of the later pre-Cambrian sediments with the earlier 
pre-Cambrian metamorphic rocks, is well exposed throughout the area. 
On this thrust the later pre-Cambrian and Tertiary rocks that make up 
the overthrust plate have been carried relatively westward for an unknown 
distance. 

The rocks of the overthrust plate are broken into innumerable blocks 
and slices, which are thrust over one another to form a mosaic so complex 
that it could hardly be mapped satisfactorily on any scale. On the scale 
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TABLE SHOWING THRUST PLATES OF THE VIRGIN SPRING AREA 


pl Age of component Character of material Structure of material 
material 
Quaternary Sand, gravel, silt, and clay; rock salt 


in Death Valley. 
Essentially undisturbed. 


Quaternary Dissected cinder cones and stratified 


ash. 
Pliocene ? Interlayered basalt, breccia, and Deformed by folding and normal! faulting. 
pte fanglomerate. 
Sedi tary and volcanic rocks and 
Pre-Cambrian to Tertiary breccias of granitic, sedimentary, 


and metamorphic rocks. 


q Complex mosaics of blocks and thrust slices whose 
Almost wholly Tertiary Rhyolitic lava and tuff. arrangement is largely without system but is in 
part imbricate. 


Almost wholly Cambrian Dolomite, limestone, sandstone, 
and later pre-Cambrian quartzite, shale, and slate. 
Pre-Carmbrian metamorphic 
ous rocks, intruded by granite . : Metamorphic rocks contorted; schistose at thrust. Granite 
| and porphyry eof Granitic gneiss and greenstone sills. 
Tertiary ? age. 


GEOLOGIG STRUCTURE MAP OF VIRGIN SPRING AREA 


Contour interval 500 feet 


te 
otty klipp = SS 
(p 
be ford Can ons S 
oe 
<j 
Se \ 
LN 
V2 fe) 2 3 Miles 


NOBLE, PL. 3 


\) 36° 


« 


‘state 


Sate: 


Ailes 


Granite 


AREA 


EXPLANATION 


AS Strike and dip of beds 
Horizontal beds 


Strike and dip of schistosity in 
pre-Cambrian rocks 


Amargosa overthrust; hachures 
<_ee on overthrust side (Dotted 
td where concealed) 
Vertical faults 


Fenster 


POST-THRUST STRUCTURES 


e* Normal! faults; U, upthrow; D, down- 


ae throw; arrow indicates relative dir- 
aT ection of horizontal component 


(Dotted where concealed) 
os Axis of anticline and 
direction of pitch 


Axis of syncline 


am: 
7 
Jubilee Pk aoe. 
Klippe 


VIRGIN SPRING AREA 


HARLIE'S 
PRIDE MINE 


Jub 

Bradtiry 

Klippe 


Virgin Spring area,targely covered by geologic structure map (P13) 


Inyo Goubty 


4S 
Ficure 2—Topographic map of Virgin Spring area, Confidence Hills, and Owlshead 
Mountains 
Contour interval 500 feet. 


2 3 4 Miles 


of 1 : 62,500, which is the largest to which it is feasible to enlarge the 
only available topographic maps of the region, originally published on 
1 : 250,000, it is necessary to map this body of shattered rocks as if it 
were a cartographic unit. The name Amargosa chaos is applied to this 
broken-up assemblage of rocks of various stratigraphic horizons, and the 
name Amargosa thrust is applied to the flat fault upon which the chaos 
lies (Pl. 5). i 


if 
961 
if 
: ( if 
% unction 3 yySffee > 
lack ov, % PNY’ 
; 
4 
| 
if 
| ‘ 


962 L. F. NOBLE—STRUCTURAL FEATURES OF VIRGIN SPRING AREA 


Although individual geologic formations in the Amargosa chaos are 
not mappable, the chaos as a whole is divisible into three mappable units, 
each characterized by certain kinds of rock. The three units are termed 
the Virgin Spring, Calico, and Jubilee phases of the Amargosa chaos. 
(See Plate 3.) The Virgin Spring phase consists almost wholly of blocks 
of later pre-Cambrian and Cambrian sedimentary rocks representing a 
stratigraphic range of many thousands of feet; the Calico phase consists 
chiefly of blocks of Tertiary volcanic rocks; and the Jubilee phase largely 
of blocks of Tertiary red conglomerate and tectonic breccias of granite. 
The stratigraphic range represented by the rocks in the Calico and 
Jubilee phases is unknown, but that of the Calico phase is certainly much 
less than that represented by the Virgin Spring. The Virgin Spring phase 
lies everywhere directly on the Amargosa thrust. The Calico and Jubilee 
phases lie on the thrust in some places and on the Virgin Spring phase 
in others. 

The date of the thrusting is believed to be middle or later Tertiary. 
After the thrusting the Amargosa thrust was folded so that the older 
pre-Cambrian metamorphic rocks of the autochthonous block form the 
central cores of several plunging anticlines, which trend northwestward. 
The trace of the Amargosa thrust outlines these anticlines conspicuously 
on the geologic structure map (Pl. 3), and they are no less conspicuous 
in the field. 

Lying unconformably upon the folded Amargosa chaos of the over- 
thrust plate and, where the chaos was eroded from the anticlines, upon 
the pre-Cambrian gneiss of the autochthonous block, is the Funeral fan- 
glomerate with its included lava flows, which are largely basalt. These 
Pliocene (?) rocks are themselves folded and are broken by large normal 
faults, the movement on some of which has continued into Recent time. 


AUTOCHTHONOUS BLOCK 


Essentially all the rock below the thrust in the Virgin Spring area 
belongs to the earlier pre-Cambrian group. The principal rock is a 
dark-weathering coarse-grained augen gneiss, which consists essentially 
of feldspar, quartz, and brown biotite; the augen are of potash feldspar. 
Pegmatite dikes are abundant in some parts of the gneiss; they lie parallel 
with its foliation and are sheared and partly altered. Small masses of 
quartzite, mica schist, and hornfels are associated with the gneiss at a 
few places, but their relation to it is unknown. All these rocks are mashed, 
contorted, and thoroughly recrystallized, and all are regarded as earlier 
pre-Cambrian. 

Masses of greenstone, conspicuous because of their dark color, are 
widely distributed in the earlier pre-Cambrian rocks. Some of the green- 
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stone is in dikes that cut the gneiss; some of it is in tabular masses which 
may represent intrusive sills. The greenstone is recrystallized but is not 
mashed and contorted like the gneiss. Beyond the fact that it is younger 
than the gneiss and is pre-Cambrian, its age is not known. 

A rock that will provisionally be called granite, although it may be a 
quartz monzonite, intrudes the gneiss in the higher part of the Black 
Mountains near the head of Scotty Canyon. It forms a mass at least 4 
square miles in extent, whose upper intrusive contact with the gneiss and 
greenstone is well exposed (Pl. 16, fig. 1) and lies parallel with and not 
more than 400 feet below the Amargosa thrust for a distance of more than 
2 miles (Pl. 3). This fact suggests tha. ..e intrusion of the granite may 
have had some genetic relation to the overthrust, but the mass has not 
been studied thoroughly enough to prove or disprove the suggestion. 

The granite is a light-weathering grayish-pink rock whose texture is 
granular near the center of the area of exposure and porphyritic near 
the contacts. The chief constituent minerals are feldspar, quartz, and 
brown biotite, the biotite being much less abundant than the feldspar 
and quartz. The feldspar is partly orthoclase and partly plagioclase, 
but their order of abundance is not known. The phenocrysts are euhedral 
perthitic orthoclase, which has been partly albitized. 

The Virgin Spring area affords no direct evidence of the age of the 
granite, aside from the fact that it cuts pre-Cambrian gneiss and green- 
stone. It is wholly unmetamorphosed and exhibits no gneissoid texture. 
It is believed to be Tertiary but it could be of any age from pre-Cambrian 
to Tertiary. Similar granite cuts volcanic rocks of Tertiary age in the 
Greenwater Range (Pl. 1), 10 miles north of the Virgin Spring area 

(Thayer, personal communication). 

Dikes of quartz latite porphyry cut the gneiss in all directions and in 
places form complex networks. A remarkable feature of these dike rocks 
is that the feldspar phenocrysts have cores of sanidine and rims of 
albite. The albite is thought to be secondary, for the dikes contain much 
chlorite and other clearly secondary minerals. The cause of the albitiza- 
tion and other alteration phenomena is unknown. The fact that the 
orthoclase of the granite also is albitized suggests that the dike rocks and 
the granite may be genetically related. Some of these dikes intrude the 
Virgin Spring phase of the chaos and are believed to be Tertiary. 

Dikes of unaltered fine-grained or glassy rhyolitic rock cut the gneiss 
at several places. These dikes are obviously related to the Tertiary ex- 


trusive rocks of the region. 
AMARGOSA CHAOS 


General features—In 1932 a set of vertically taken air photographs 
was made for the Geological Survey to aid in mapping the geology of 
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Death Valley and the Black Mountains. One feature in the photographs, 
a crazy-quilt pattern—or more literally a mosaic—of large areas of rock 
in the Black Mountains, attracted immediate attention as bizarre and 
without obvious explanation. One of the photographs (Pl. 6) gives a 
general idea of the great number of the blocks, their irregular shape, 
and their chaotic arrangement; and from the scale of the photograph, 
about 2500 feet to the inch, one may get a rough idea of their size. The 
rocks of which the blocks consist represent a stratigraphic range of many | 
thousands of feet, but all of them are younger than the pre-Cambrian 
gneiss upon which they rest and from which they are separated by a 
great thrust fault. This fault is the Amargosa overthrust, and the mosaic 
of fault blocks constitutes a composite thrust plate which will be called 
the Amargosa chaos. 

The characteristic features of the chaos shown in Plate 6 are: 

(1) The arrangement of the blocks is confused and disordered— 
chaotic. 

(2) The blocks, though mostly too small to map, are vastly larger than 
those in anything that could be called a breccia; most of them are more 
than 200 feet in length, some are as much as a quarter of a mile, and 
a few are more than half a mile in length. 

(3) They are tightly packed together, not separated by much finer- 
grained material. 

(4) Each block is bounded by surfaces of movement—in other words, 
each is a fault block. 

(5) Each block is minutely fractured throughout, yet the original bed- 
ding in each block of sedimentary rock is clearly discernible and is 
sharply truncated at the boundary of the block. Commonly the bedding, 
even of incompetent beds, is not greatly distorted. 

None of the geologic terms in common use appear exactly to fit this 
mosaic of large tightly packed individual blocks of different ages occu- 
pying a definite zone above a major thrust fault. The feature suggests 
a fault breccia on a cyclopean scale, yet it is not a fault breccia in the 
orthodox sense. Although it is a thrust plate, it is shattered over large 
areas to a degree that appears to be unique. But more important than 
these considerations is the fact that the great areal extent of the feature 
makes it impossible to map separately the geologic units of the mosaic 
and makes it necessary therefore to treat the assemblage, despite its heter- 
ogeneity, much as a geological formation would be treated. Like a for- 
mation, then, it requires a name that will indicate both its type locality 
and its character. “Amargosa” does the one, for the Black Mountains, 
in which Virgin Spring lies, form part of the Amargosa Range; and 
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“chaos,” as the preceding paragraphs have tried to show, does the other. 

The Amargosa chaos or features resembling it are widespread in the 
southern Death Valley region, and if they occur in other regions the term 
chaos, as a common noun, may prove to be a useful geological term. 

The present thickness of the Amargosa chaos does not greatly exceed 
2000 feet in the Virgin Spring area (Pls. 2, 4), but the original thickness 
may have been much greater, for the chaos is overlain with erosional 
unconformity by the Funeral fanglomerate. 

Although it is impossible to map the individual blocks of the chaos 
in colors that indicate their original stratigraphic horizons, it has been 
possible to recognize the source of most of them and, consequently, to 
divide the chaos into three units, called phases, each consisting mainly 
of certain distinctive rocks (Pls. 3, 4). The basal unit, the Virgin Spring 
phase, consists essentially of later pre-Cambrian and Cambrian forma- 
tions but contains a few blocks of Tertiary volcanic rocks; the second 
unit, the Calico phase, consists almost wholly of Tertiary volcanic rocks; 
and the third unit, the Jubilee phase, consists of Tertiary voleanic and 
sedimentary rocks, granite, and pre-Cambrian and Cambrian rocks. 

The three units are superposed. The Virgin Spring phase lies every- 
where directly on the Amargosa thrust and nowhere overlies either of the 
other phases; the Calico phase lies at most places on the Virgin Spring 
phase but at two places forms the sole of the thrust; and the Jubilee 
phase lies at one place on the Virgin Spring phase and at another place 
forms the sole of the thrust. The Calico and Jubilee phases are not in 
contact within the area, and their relative position is not known. 


Virgin Spring phase.—The Virgin Spring phase, named from Virgin 
Spring, in Virgin Spring Canyon, covers about 20 square miles in the 
area mapped (PI. 3). Its thickness, probably averaging about 600 feet, 
reaches a maximum west of Ashford Peak, where it is probably more 
than 1000 feet (Pl. 7, fig. 1). Near Panorama Peak the thickness is 
not over 600 feet (PI. 7, fig. 2; Pl. 18, fig. 1) and near Calico and Epaulet 
Peaks, where exposures extend for 3 miles along the strike in the north 
limb of the Graham anticline (PI. 5, fig. 2), it is not over 400 feet. In 
places this phase thins almost to the vanishing point. 

As seen in cross section (Pls. 7, 8, 9), the shapes of the blocks in the 
chaos are widely varied but are for the most part elongate. Lozenge 
shapes are particularly characteristic; many blocks have blunt or rounded 
ends, whereas others taper to a point; the forms of some are so irregular 
and odd as to defy description. Fishlike forms that suggest whales or 
huge tadpoles or lizards are common (PI. 8, fig. 2). 
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The sizes of the blocks range widely, but one dimension commonly 
exceeds 200 feet, and many blocks are not far from 100 by 200 by 600 
feet. A few blocks are as much as half a mile long. 

The rocks in the Virgin Spring phase represent a stratigraphic range 
of at least 18,000 feet. This range extends upward from the base of 
the later pre-Cambrian Pahrump series at least as high as the Cornfield 
Springs formation of the Middle Cambrian, although no blocks of the 
basal Middle Cambrian Cadiz formation of the Resting Springs and 
Nopah section have been identified. The later pre-Cambrian rocks, in- 
cluding the diabase sills associated with the sedimentary beds, constitute 
at least 6500 feet of the sequence, and the Cambrian rocks at least 11,500 
feet. 

The blocks consist of a great variety of materials, including dolomite, 
limestone, marble, sandstone, quartzite, shale, and slate, that differ greatly 
in thickness, character of bedding, competence, and hardness. Many 
blocks of carbonate rocks are considerably altered and are stained brown 
by iron oxide and many of them are silicified. 

At some places, there are a few blocks of pre-Cambrian gneiss in the 
basal part of the Virgin Springs phase of the chaos, and just north of 
. the mouth of Rock House Wash (Fig. 2), a block of flow-banded Tertiary 
rhyolite lies beneath a block of Cambrian dolomite. Along the north 
limb of the Rhodes anticline (Pl. 3), blocks of similar rhyolite lie beneath 
Cambrian blocks at some places and overlie them at other places. Else- 
where in the Virgin Spring area, the Virgin Spring phase contains no 
blocks of rock certainly identifiable as Tertiary. 

At many places in the chaos adjoining blocks are derived from widely 
separated stratigraphic horizons. For example, the block of dolomite 
shown in the photograph (Pl. 8, fig. 2) is Lower Cambrian Noonday 
dolomite, and the block of quartzite overlying it at the left is from a 
portion of the Johnnie formation that normally lies at least 1000 feet 
above the dolomite. 

Notwithstanding the appearance of great disorder, there is a rude sys- 
tem in the arrangement of the larger blocks in the chaos. In general, 
they are elongate slabs whose long axes lie parallel to the Amargosa 
thrust, and the chaos is essentially a mass of these slabs, lying one upon 
the other (Pl. 7). Viewed from a distance, their attitude suggests the 
scales of a fish or shingles on a roof. In a general way, these slabs are 
arranged in the normal stratigraphic sequence. Blocks of younger rocks 
rest, as a rule, on blocks of older rocks, though here and there the reverse 
is true. This is most clearly seen southwest of Ashford Peak (PI. 7, 
fig. 1). On the slopes of the peak that face Death Valley, the shingling 
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Cambrian gneiss. 
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is on a coarse scale, and individual blocks of the Crystal Spring forma- 
tion and Beck Spring dolomite as much as 1000 feet thick and half a mile 
long lie in normal stratigraphic succession, although they are actually 
elongate thrust blocks, pushed one over the other. Most of the chaos 
presents a more confused picture, of which the crazy-quilt pattern is 
typical (Pl. 6). 

The rude shingling, or imbricate structure, of the chaos (Pl. 7), which 
is, very broadly, a piling up of tabular blocks that for the most part 
dip easterly, accounts in part for the progressive rise from older to 
younger rocks in the chaos from west to east. 

The prevailing dip of the bedding in the blocks, as well as of the 
blocks themselves, is eastward and ranges from flat in some blocks to 
steep in others. The bedding is contorted in a few blocks, most of which 
are composed of shale. Within those blocks of dolomite, already men- 
tioned, that resemble whales or tadpoles, the bedding passes laterally 
from nearly horizontal in the tail to steep or even vertical in the head. 
Such whale-shaped blocks commonly lie just above the Amargosa thrust. 

The outstanding fact regarding the location of the thrust faults within 
the chaos is that on all of them a thick bed of resistant rock overlies 
some weaker rock; and it is believed that each rupture first occurred 
on a contact between beds that differed thus markedly in physical char- 
acter. Throughout the chaos blocks of dolomite, which are the most 
competent and hold together the best, tend to override blocks of less 
competent shale or quartzite. Most of the dolomite is from four horizons, 
namely: (1) a stratum in the Crystal Spring formation; (2) the Beck 
Spring dolomite; (3) the Noonday dolomite; and (4) the dolomitic parts 
of the Middle Cambrian Bonanza King and Cornfield Springs formations. 
Some blocks of quartzite have been shattered almost to powder, but 
others are almost as unbroken as the dolomite blocks. The beds in many 
blocks of shale are contorted, yet blocks are not uncommon in which the 
beds are undisturbed, a fact that is all the more puzzling because the 
shale of the Cambrian Johnnie formation, of which these blocks consist, 
is a part of a sequence of competent and incompetent beds ideally adapted 
to folding. 

As a result of the general progression eastward, already noted, from 
older to younger rocks, the oldest later pre-Cambrian sedimentary rocks 
predominate in the western part of the Virgin Spring phase, younger 
later pre-Cambrian and older Lower Cambrian rocks are abundant farther 
east, and sporadic blocks of Middle Cambrian rocks occur still farther 
east. West of Ashford Peak, whose summit is a block of Lower Cambrian 
Noonday dolomite, most blocks in the chaos consist of later pre-Cambrian 
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sedimentary rocks. All formations of the series are represented, but 
rocks of the basal formation—the Crystal Spring—are most abundant. 
East of Ashford Peak, the pre-Cambrian blocks are mixed with more and 
more Cambrian blocks until, near the mouth of Virgin Spring Canyon 
and in all the chaos exposed north and east of the mouth of the canyon, 
Cambrian blocks predominate. Most of these Cambrian blocks consist 
of rocks from the Johnnie formation; many are Noonday dolomite; some 
are Stirling quartzite; and still fewer are Middle Cambrian dolomite. No 
blocks of Middle Cambrian dolomite have been recognized west of 
Virgin Spring Canyon. 

The few blocks of Tertiary rhyolite identified in the Virgin Spring 
phase lie east of Virgin Spring Canyon. 

The surfaces of all blocks show evidence of movement—every contact 
between blocks throughout the chaos is a fault—but the blocks are 
tightly pressed together and are not inclosed in a matrix of breccia. 
Although many of the faults contain a little breccia or gouge, it is com- 
monly measurable in inches; and many faults are wholly free from gouge. 
The accompanying photographs (Pls. 8, 9, 10) give an idea of the char- 
acter of some of the contacts. Some of the fault surfaces are even and 
are polished and striated, the striae ranging from horizontal to vertical; 
others are curved; and still others are ragged or serrate. In general the 
blocks are separated laterally by steep faults and vertically by flatter 
faults. Some faults diverge upward from the generally flat Amargosa 
thrust, with the dip steepening away from the direction of movement. 
Slip planes are numerous within the individual blocks; many of them split 
from flat faults beneath the blocks and curve upward into the block with 
gradually steepening dip. 

Most blocks in the chaos are so intensely and minutely fractured 
throughout, that uncracked pieces of rock over 2 inches in diameter are 
exceptional. Yet despite the intense crushing to which the chaos has 
been subjected the bedding in most blocks of sedimentary rocks is well 
preserved and clearly distinguishable. 

The dikes of altered quartz latite porphyry with zoned feldspars and 
of rhyolite that cut the gneiss of the autochthonous block also cut the 
Virgin Spring phase of the chaos at many places. West of the Calico 
Peaks several dikes of both types of rock may be seen cutting the chaos, 
the Amargosa thrust, and the pre-Cambrian gneiss. 


Calico phase——Resting at most places upon the Virgin Spring phase 
of the Amargosa chaos but at two places upon the older pre-Cambrian 
gneiss of the autochthonous block is a mosaic of fault blocks that is here 
named the Calico phase. The name is derived from the Calico Peaks, 


< 
fe 
i 
4 
i 
| 
3 
4 
| 
3 


NOBLE, PL. 8 


BULL. GEOL. SOC. AM., VOL. 52 


Figure 1. Hair a Mite Nortruwest oF VinGINn SPRING 
View looking northeast. 


Ficure 2. East Sipe or Vircin Sprinc CANYON 
Half a mile north of Virgin Spring. View looking east, showing whale-shaped 
block of dolomite lying on Amargosa thrust. 
B, basalt in Funeral fanglomerate, unconformable on older rocks. Q, quartzite; D, dolomite; S, 
shale; Cambrian and later pre-Cambrian blocks of Virgin Spring phase of chaos. C, Calico phase 
of chaos; VS, Virgin Spring phase of chaos; p€, autochthonous pre-Cambrian gneiss. 


ARRANGEMENT OF BLOCKS IN VIRGIN SPRING PHASE OF CHAOS 


| 
| | 
j 


SOVHD AO ASVHd ONIYdS NIOYIA NI AO 


Buyidg Jo Joye; pue uBlIquIe> AepuooN ‘proredsel ‘¢ ‘q ‘OH 
Buryoo, 
@NIIOLLNY WVHVU 40 EWI] HLNOG NO NVHVU 4O ISVY ATL V ATIVE 


NOBLE, PL. 9 


Furyoo, 
NOANV‘) NIDUIA 40 Ly *[ 


BULL. GEOL. SOC. AM., VOL. 52 


i 
i 
j 


i 
4 


VIRGIN SPRING AREA 969 


in the northeastern part of the Virgin Spring area (Pl. 3), where the 
mosaic is especially well exposed. The Calico phase covers about 10 
square miles in the area mapped, and its exposed thickness is probably 
a little over 1000 feet. All its outcrops are in the eastern part of the 
area. Its original thickness is unknown because it is overlain with ero- 
sional unconformity by the sedimentary and basalt members of the 
Funeral fanglomerate. 

Two outstanding features distinguish the Calico phase from the Virgin 
Spring phase—the fact that it is composed almost wholly of Tertiary 
voleanic rocks, and its color. The color differences enable the observer 
readily to distinguish the two phases even from a distance. The colors 
of the Virgin Spring phase are prevailingly dark shades of brown and 
gray, whereas those of the Calico phase are a kaleidoscopic mixture of 
light and dark—the light shades are yellowish-white to buff, and the 
dark shades dull pinkish to red. Such assemblages of parti-colored Ter- 
tiary volcanic rocks are called calico by the prospectors throughout the 
desert region, and the hills formed from them are called calico hills, 
the Calico Peaks being themselves an example of this usage. The name 
“Calico phase” is thus descriptive as well as otherwise appropriate. 

Most of the blocks in the Calico phase of the chaos are glassy lavas 
and tuffs, which occur in nearly equal amounts. Although the flows 
and tuffs are now greatly disordered, it is evident that they once consti- 
tuted a volcanic sequence which was piled up about one or more centers 
of eruption. The lavas are rhyolitic in appearance, and the tuffs are 
composed of rhyolitic material similar to that in the flows. The lavas 
are commonly dull pinkish or red, and the tuffs are yellowish white or 
buff. Blocks of black obsidian are present but not abundant. The 
rhyolite ranges in crystallinity from obsidian to moderately coarse 
porphyry, and most of it exhibits flow banding. Some of the tuffs are 
well stratified; others are without visible bedding. Some are coarse 
agglomerates or mixtures of tuff and flow breccia; others are water-laid 
conglomerate or fanglomerate, but even these consist essentially of 
voleanic material, the matrix of the conglomerates being mainly voleanic. 

Other rocks in the Calico phase include large masses of dark reddish- 
brown to nearly black andesite porphyry with conspicuous plagioclase 
phenocrysts, masses of dark-red porphyry with zoned feldspars, and 
a dark-reddish flow-banded rhylitic rock. Most of these rocks lie in the 
basal part of the chaos and appear to belong to a series of Tertiary rocks 
stratigraphically older than the flows and tuffs just described. Deposi- 
tional contacts of the flows and tuffs with these andesitic rocks are pre- 
served in some blocks. 
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In general, the lavas are compact, tough, and hard, and the tuffaceous 
rocks, including the bedded tuffs and conglomerates, are less compact, 
so that the Calico phase of the chaos, like the Virgin Spring phase, is a 
mixture of competent and less competent rocks. 

The chaotic arrangement of the blocks in the Calico phase is shown 
in Plates 5, 6, and 13. It does not appear to differ much, particularly 
in the lower part of the phase, from that in the Virgin Spring phase, 
although the two phases are composed of very different types of rock, 
which may have behaved differently under deformation; few blocks in 
the Calico phase consist of bedded rocks. As in the Virgin Spring phase, 
all contacts between blocks are surfaces of movement (Pls. 11-13). 

In most of the Calico phase west of the Calico Peaks and Epaulet 
Peak (Pl. 3) the blocks are relatively small and the pattern complex, 
but at places under and east of these peaks the rhyolitic flows and tuffs 
form sheets as much as half a mile long and several hundred feet thick 
in which an orderly sequence is preserved. These parts of the Calico 
phase suggest a stratified volcanic series that is intricately broken up by 
faulting but not entirely chaotic. This relative order becomes more 
pronounced eastward away from the Virgin Spring area until at Sheep- 
head Peak (PI. 1), 6 miles east of the area, the blocks in the chaos would 
be mappable on a map of the same scale as the geologic structure map 
of the Virgin Spring area (PI. 3), although the disorder is still great. 

All the older flows and tuffs and some of the younger ones in the 
Calico phase are partly altered. Much of this alteration is later than the 
formation of the chaos, for it occurs along shear zones between blocks 
and along joint planes. Large masses of rhyolite and tuff are more or less 
silicified. Much of the altered rock is stained by iron oxide and contains 
tiny grains of pyrite. Veins of black calcite containing manganese oxide 
pass through adjoining blocks of the chaos and are undoubtedly younger 
than the overthrusting. A few of these veins are as much as 20 feet 
thick. Some small veins contain barite. In general the alteration is 
much greater in the lower part of the chaos than in the upper part. 

The rocks in the Calico phase are known to be Tertiary but to what 
part of the Tertiary they belong is not known. The Calico phase can be 
traced continuously northward for 25 miles along the crest of the Black 
Mountains, from the Virgin Spring area to the area bordering Furnace 
Creek, and rhyolitic flows and tuffs appear to constitute most of the 
phase throughout that distance as well as in the Virgin Spring area. 
Thayer (personal communication) says that these flows and tuffs inter- 
finger with the beds that contain borate deposits at Furnace Creek and 
he believes that they are equivalent to a part of the Furnace Creek 
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Ficure 1. On Hicuway 1n Ruopes 
A mile west of Bradbury Well. View looking south. 
D, dolomite; Q, quartzite; J, jasperoid; Cambrian and later pre-Cambrian blocks of the 
Virgin Spring phase of chaos. p@, autochthonous pre-Cambrian gneiss; p€d, disintegrated 
gneiss. 


Ficure 2. At Moutn or House Wasn 
Near view of fault surface between blocks. Striae on fault surface 
have a greater horizontal than vertical component. View looking east. 
D, Noonday dolomite; S, shale of Johnnie formation; Virgin Spring 
phase of chaos. p€, autochthonous pre-Cambrian gneiss. 


ARRANGEMENT OF BLOCKS IN VIRGIN SPRING PHASE OF CHAOS 
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Ficure 1. East or Vincin Sprinc CANYON 

Half a mile north of Virgin Spring. View looking east. Irregularity of fault 
contact may be due to softness of overridden disintegrated gneiss. 


Ficure 2. West Fork oF VirGcin Sprinc CANYON 
View looking north. 
D, Noonday dolomite; S, shale of Johnnie formation; Virgin Spring phase of 
chaos. p€, autochthonous pre-Cambrian gneiss; p€d, disintegrated gneiss. 


Ficure 3. Fautts BETween Carico PHase or CHaos 
West fork of Virgin Spring Canyon. View looking southeast. 


AMARGOSA THRUST FAULT 
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formation. He believes, moreover, that the andesite porphyry and altered 
rhyolitic rocks in the lower part of the Calico phase may be equivalent 
to a part of the Artist Drive formation, which lies unconformably be- 
neath the Furnace Creek formation at the type locality. But, inasmuch 
as these correlations are not definitely established, the stratigraphic range 
represented by the rocks in the Calico phase is not fully known. 

The Calico phase of the chaos is in contact with the Virgin Spring 
phase for about 10 miles. The contact is sinuous (Pl. 3) and roughly 
parallel with the outcrop of the Amargosa thrust, for the Calico phase 
is folded with the Virgin Spring phase just as if the two structural units 
were beds in a sedimentary series. 

In a distant view (Pl. 5), the contact of the Virgin Spring and Calico 
phases is conspicuous, because the two phases differ strikingly in color 
and lithologic character. On closer view (PI. 13), the contact is seen 
to be at some places irregular and at some places obscure. But, wher- 
ever the contact is traced laterally for any considerable distance, different 
rocks are found to form successively the bottom of the Calico phase, a 
relationship which indicates that the contact is either an unconformity 
or, more probably, a fault. This fault is not nearly so well defined, 
however, as the Amargosa thrust. At some places just above the contact, 
Virgin Spring blocks are mixed with Calico blocks, and a few blocks 
contain rhyolite or tuffs in apparent depositional contact with Cambrian 
rock. But it is evident almost everywhere that the Calico and Virgin 
Spring phases are separated by a surface on which there has been move- 
ment. 

The Calico phase is in contact with the Amargosa thrust at two places 
—one at the head of Graham Wash (PI. 3; Pl. 18, fig. 3), and the other 
northwest of Calico Peaks. Both exposures are nearly a mile long. 

It seems probable that the movement of the Calico phase was inde- 
pendent of the movement of the Virgin Spring phase and therefore sepa- 
rate from, though related to, the movement on the Amargosa thrust. The 
fact that the contact of Paleozoic and Tertiary rocks in the region is a 
major unconformity between physically unlike rocks would favor the 
localization of a major break at this unconformity, just as the Amargosa 
thrust is localized at the unconformity between the physically unlike 
older pre-Cambrian metamorphic rocks and the later pre-Cambrian sed- 
imentary rocks. The movement of the Calico phase relative to the 
Virgin Spring phase was certainly much less than that on the Amargosa 
thrust. 

In the Bullfrog district, 60 miles north of the Virgin Spring area, a 
body of intricately broken Tertiary volcanic rocks overlies early Paleo- 
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zoic and pre-Cambrian rocks comprising limestone, quartzite, shale, and 
schist and is separated from them by a low-angle fault (Ransome, Em- 
mons, and Garrey, 1910, p. 101-103). Ransome believed that this fault 
is an overthrust upon which the volcanic rocks have been pushed over 
the older rocks for an unknown distance and he suggests that the over- 
thrusting of brittle voleanic rocks, under light load, over an irregular 
prevoleanic topography is the proximate cause of their complex disloca- 
tion, though he was unable to find proof of this hypothesis in the Bullfrog 
district. 

The writer of the present report is in accord with Ransome’s hypothesis 
and believes that it is equally applicable to the Calico phase of the 
Amargosa chaos. The rocks that constitute the Calico phase are litho- 
logically similar to the volcanic rocks of the Bullfrog district and are 
broken into a mosaic of fault blocks that appears to overlie a surface 
of movement. In general, the individual blocks in the Calico phase are 
smaller and far more disordered than those in the Bullfrog district, but 
in places—under Epaulet Peak for example—the Calico rocks exhibit 
block faulting remarkably similar to that in the volcanic rocks of the 
Bullfrog district. 


Jubilee phase.—Resting at one place upon the older pre-Cambrian 
metamorphic rocks of the autochthonous block and at another place upon 
the Virgin Spring phase of the chaos is another mosaic of fault blocks 
which is termed the Jubilee phase. The name is derived from Jubilee 
Wash, where this mosaic is exposed on both sides of the Shoshone-Death 
Valley highway at Chaos Ridge (PI. 3; fig. 2). 

Broadly speaking, the Jubilee phase is a complex mosaic of irregular 
blocks and thrust slices, which differ widely in size and composition, 
resting discordantly on a surface or surfaces of movement. It contains 
a much larger proportion of poorly consolidated and broken-up material 
and presents a more confused picture than the other two phases. 

Scattered outcrops of the Jubilee phase occur in two areas—each about 
3 square miles in extent—one in Jubilee Wash and the other at the 
mouths of Ashford and Scotty canyons. This phase, in contrast to the 
Virgin Spring and Calico phases, is in general poorly exposed, for it 
lies mostly in topographic depressions veneered with Quaternary allu- 
vium, above which low hills of the chaos project like islands; but it is 
well exposed near Scotty Klippe, where the Jubilee phase forms hills 
rising above the pre-Cambrian gneiss. 

The original thickness of the Jubilee phase is unknown, as it is overlain 
unconformably by the Funeral fanglomerate. Its maximum observed 
thickness is not over 1000 feet. 
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Ficure 1. Dotomire 
On crest of Black Mountains. View looking southeast. Klippe composed of blocks of 
Noonday dolomite (D) of Virgin Spring phase of chaos; C, Calico phase; p@€, pre- 
Cambrian gneiss. 


Bradbu 
Ritppe > 


Ficure 2. Kurppen on HiGHway Ruopes WAsH 
One mile west of Bradbury Well. View looking southeast. D, Noonday dolomite of 
Virgin Spring phase of chaos; VS, Virgin Spring phase of chaos; p€, autochthonous 
pre-Cambrian gneiss. 


Ficure 3. Fautt Between Biocks CALico Puase or 
West of Calico Peaks. View looking southeast. 


KLIPPEN OF VIRGIN SPRING PHASE OF CHAOS 
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Ficure 1. Near Heap or West Fork or VirGiIn SprinG CANYON 
View southeastward showing Calico phase of chaos (C) overlying Virgin Spring 
phase VS. Dark blocks are chiefly rhyolite or andesite; light blocks, tuff and 
tuffaceous conglomerate. 


Ficure 2. Contact or Catico PHASE oF CHaAos WitTH VIRGIN SPRING PHASE 
In West Fork of Virgin Spring Canyon. View looking southeast. 
R, rhyolite or andesite; T, tuff or conglomerate tuff; Calico phase of chaos. D, 
dolomite; Q, quartzite; S, shale of the Johnnie formation; blocks of Virgin Spring 
phase of chaos. 


Ficure 3. Contact or or Cuaos AUTOCHTHONOUS 
Pre-CAMBRIAN GNEISS 
At head of Graham Wash. View looking southeast. 
VS, Virgin Spring phase of chaos; C, Calico phase of chaos; p€, autochthonous 
pre-Cambrian gneiss. 


CALICO PHASE OF CHAOS 
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The blocks that constitute the Jubilee phase are much more varied 
lithologically than those in the Virgin Spring and Calico phases. Perhaps 
half of them consist of granite and red Tertiary conglomerate; others 
censist of rhyolite, rhyolitic tuff, porphyritic andesite, quartz latite por- 
phyry, gypsiferous shale, fresh-water limestone and fanglomerate of Ter- 
tiary age, older pre-Cambrian gneiss and greenstone, and later pre- 
Cambrian and Cambrian sedimentary rocks. Most of the blocks of 
granite and pre-Tertiary rocks are so thoroughly shattered that they are 
properly termed breccia. 

These breccias are interpreted as slices of rock formations that have 
been thrust bodily over other rock formations and have been shattered 
in the process. They have not the internal structure characteristic of talus 
deposits or landslides. They will be called accordingly tectonic breccias. 

The tectonic breccia of granite is composed of irregular fragments, 
some of them several hundred feet long, so tightly compacted and fitted 
together that at first sight the breccia resembles solid granite; elsewhere 
it is composed of innumerable smaller fragments in a matrix of pulverized 
granite (P]. 15, fig.2). All the material in the breccia is granite. Outcrops 
have a characteristic cavernous appearance (PI. 14, fig. 1; Pl. 15, fig. 1) 
that renders the granite breccia easily distinguishable from other parts of 
the Jubilee phase. The breccia is traversed by veins of black manganif- 
erous calcite and at places it is altered along shear zones. The granite 
is a light-colored, fresh-appearing rock and is not cataclastic in texture. 
It consists chiefly of potash feldspar and quartz and contains a small 
amount of brown biotite. 

The tectonic breccias of rocks other than granite do not differ greatly 
in internal structure from the granite breccia, although many of them 
are much less highly compacted. Each consists exclusively of one kind 
of rock. 

The red conglomerate that forms a large proportion of the blocks of 
the Jubilee phase has a fine tuffaceous matrix, probably rhyolitic, and 
contains abundant water-worn cobbles, some of which are well rounded 
and polished. Most of the cobbles are of rhyolite, but some are of 
granite like that in the breccia just described, and many are of Cambrian 
and later pre-Cambrian quartzite and dolomite. The conglomerate is 
interbedded with sandstone, and much of it grades into fanglomerate. 

Some of the blocks composed of red conglomerate or fanglomerate are 
as much as 1500 feet long and 500 feet thick. Most of these blocks are 
not badly shattered and show well-preserved bedding, whose attitude in 
some of the larger blocks is shown by structure symbols on the map 


(Pl. 3). 
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At many places, masses of tectonic breccia, some of them as much as 
1000 feet long and 300 feet thick, override conglomerate, andesite, tuff, 
and other rocks on thrust planes that commonly dip 35 degrees or less 
to the east (Pl. 14). At some places, material resembling gravel or talus 
appears to be overridden by advancing thrust sheets. Elsewhere, blocks 
of the igneous and sedimentary rocks are thrust over the breccias. In 
some blocks of sedimentary rock the bedding is folded. The prevailing 
dip of the bedding in the blocks in which it is not folded is easterly, as 
is also the prevailing dip of the thrust slices. Neither the folds in the 
blocks nor the imbricate faults that impart the shingled structure to the 
Jubilee phase penetrate the surface of movement upon which the Jubilee 
phase lies. 

The original stratigraphic relations of the rocks that constitute the 
Jubilee phase are unknown. It is fairly certain that the conglomerate, 
fanglomerate, andesite, rhyolite, tuff, fresh-water limestone, and shale 
were once parts of a voleanic and sedimentary sequence, but the original 
relation of the granite in the tectonic breccias to this sequence is unknown. 
At one place, conglomerate overlies granite breccia with depositional con- 
tact. This fact and the fact that the conglomerate contains water-worn 
cobbles of the granite suggest that the breccias are older than the con- 
glomerate. 

The age of the sedimentary and volcanic rocks is certainly Tertiary, 
but what stage or stages of the Tertiary they represent is unknown. Con- 
sequently the stratigraphic range of the rocks in the Jubilee phase cannot 
be estimated. Conglomerates, fanglomerates, shales, and fresh-water 
limestones like those in the Jubilee are present in most stages of the 
Tertiary in the region. The volcanic rocks resemble rocks in the Calico 
phase of the chaos: some andesites and rhyolites resemble rocks of 
the Artist Drive formation; some rhyolites and tuffs resemble flows and 
tuffs of the Furnace Creek formation; but these resemblances hardly 
prove equivalence, for volcanic rocks are present in all stages of the 
Tertiary in the region. 

The granite that forms the granite breccias is petrographically like 
parts of the Tertiary (?) granite that intrudes the autochthonous pre- 
Cambrian gneiss in the northern part of the Virgin Spring area and like 
parts of the Tertiary granite of the Kingston Range but is unlike the 
granite in the Owlshead and Panamint mountains west of the area. 

At Jubilee Wash different parts of the Jubilee phase lie upon the 
Virgin Spring phase at different places, and the contact is a thrust fault. 
Near Charlie’s Pride Wash, granite breccia, rhyolitic rocks, and quartzite 
breccia have been thrust over the Virgin Spring rocks. Two miles south 
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Ficure 1. BreccraTep GRANITE 
Thrust over red conglomerate, andesite, and tuff. One mile south of the mouth of Scotty Canyon. 
View looking south, 


Ficure 2. BrecctaTep GRANITE 
Thrust over red conglomerate. Half a mile southwest of locality in Figure 1. View looking east. 
bgr, tectonic granite breccia; an, andesite; tf, tuff; rc, red conglomerate; Jubilee phase of chaos. 


ARRANGEMENT OF BLOCKS IN JUBILEE PHASE OF CHAOS 
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Ficure 1. In Cnaos Rince, Jusitez 
Showing cavernous weathering. View looking north. 


Ficure 2. Ciose-up View oF THE BRECCIA 


BRECCIATED GRANITE (TECTONIC BRECCIA) IN JUBILEE PHASE OF CHAOS 
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of Ashford Peak, blocks of tuffaceous conglomerate have been thrust over 
them. The conglomerate dips steeply toward the thrust surface, and 
a gouge composed largely of quartzose rocks lies at the thrust plane. 
The klippe that lies on the Virgin Spring phase at the western end of 
this exposure (Pl. 3) consists of blocks of conglomerate in most of which 
the bedding is truncated by the thrust surface, although the bedding is 
parallel with the underlying thrust surface for a few hundred feet at the 
southern end of the klippe. 

At the eastern edge of Death Valley, near the mouths of Ashford and 
Scotty canyons, the Jubilee phase directly overlies the Amargosa thrust, 
and the thrust plane is the sloping surface of pre-Cambrian gneiss, some- 
what cut into by ravines, that rises from Death Valley. At most places 
the thrust plane is sharp, clean, and remarkably smooth but it is warped, 
and its dip ranges from horizontal to 25 degrees westward. Several 
klippen of the Jubilee phase lie on the thrust plane west of Scotty 
Canyon, and the uppermost has been named the Scotty Klippe (Fig. 2; 
Pl. 16, fig. 1; Pl. 17). The klippen form rocky, islandlike hills upon the 
sloping surface of the gneiss. They consist of red conglomerate, whose 
reddish color renders them conspicuous from the Death Valley highway, 
even at a distance of several miles. The conglomerate in the klippen 
is broken into blocks separated by small faults. The bedding of the 
conglomerate is discordant with the surface of the gneiss, which trun- 
cates both the faults between the blocks and the bedding in the blocks. 

A fenster is eroded through the Jubilee phase below the mouth of 
Ashford Canyon, where the plane of the Amargosa thrust is nearly hori- 
zontal (Pl. 3; Pl. 16, fig. 2). The surface of the pre-Cambrian gneiss 
beneath the thrust is as smooth and polished as if it had been glaciated. 
Along the north side of the fenster, shattered masses of Noonday dolo- 
mite, granite, red conglomerate, and other rocks, separated by shear 
zones, lie upon the thrust plane and are inclined at various angles to it. 
Around the other sides of the fenster, all the masses of granite breccia, 
conglomerate, andesite, tuff, and rhyolite are inclined at steep angles, 
some being nearly vertical. Owing to the small scale of the map their 
attitude can only be suggested in a general way by structure symbols 
(Pl. 3). Just below the mouth of Scotty Canyon, and only a few hundred 
feet from the gently sloping fault surface, the red conglomerate is bent 
into sharp folds which are truncated by the fault surface. 

The relations at the fault are best exposed beneath the klippen of red 
conglomerate just southeast of Scotty Klippe (Pls. 3,17). Here the fault 
surface beneath the klippen dips 20 to 25 degrees westward, and the 
bedding of the conglomerate dips about 15 degrees more steeply. The 
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conglomerate is broken by joints that dip more steeply still. These joints 
branch upward from the fault surface, with their dip steepening upward 
(Pl. 17). A layer of fault gouge about a foot thick overlain by a layer 
of banded blue and yellow clay about 5 feet thick containing tiny frag- 
ments of limestone and other rocks lies between the conglomerate and 
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Ficure 3—Amargosa thrust fault contact half a mile southeast of Scotty Klippe 


Upper 5 feet of the autochthonous pre-Cambrian gneiss is soft and disintegrated, bleached white, 
and the joints and crevices stained with iron oxide. This zone is overlain by 5 feet of what appears 
to be an old soil, composed of red, yellow, and white banded residual clay containing quartz grains 
and scattered pebbles of various rocks. Above the clay is a layer of fault gouge, one foot thick, 
composed of wavy banded white and buff clay. The overthrust block is red tuffaceous conglomerate 
of Tertiary age. (Sketched by G. W. Stose.) 


the gneiss (Fig. 3). Just below the conglomerate the clay is sheared into 
lenses that lie parallel with the contact. The conglomerate contains no 
pebbles of the gneiss upon which it lies. 

The gneiss below the fault gouge is bleached and chemically altered 
to a depth ranging from a few inches to 50 feet. The altered gneiss is 
disintegrated and erodes easily wherever exposed, presenting a strong 
contrast with the unaltered gneiss beneath. Its biotite is bleached, and 
its feldspar is altered to sericite and kaolin. Much of the altered gneiss 
is coated with a white saline efflorescence, consisting largely of sodium, 
calcium, and magnesium sulphates. Such efflorescences are common just 
under the Amargosa thrust elsewhere in the Virgin Spring area and are 
thought to be due to the decomposition of pyrite. Veins of iron oxide, 
which are abundant in the altered zone, and iron stains, which discolor 
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much of the gneiss, are doubtless also derived from pyrite. The altered 
zone resembles the altered “Ep-Archean” surface in the Grand Canyon, 
which Sharp (1940) regards as a residual regolith produced by subaerial 
weathering. The decomposed and disintegrated gneiss under the Amar- 
gosa thrust appears to represent such a regolith, developed by subaerial 
weathering on an old land surface before the rocks of the chaos moved 
over it. 

Where the Jubilee phase lies on the sloping surface of pre-Cambrian 
gneiss at Scotty Klippe, the fault at the base of the Jubilee follows the 
Amargosa thrust; but, 2 miles southeast of Scotty Klippe, at Ashford 
Canyon, the Virgin Spring phase lies on the gneiss. It seems probable, 
therefore, that the Jubilee phase was thrust over the Virgin Spring phase 
southeast of Ashford Canyon and over the gneiss northwest of Ashford 
Canyon. 

The Jubilee and Calico phases of the chaos are not in contact in the 
Virgin Spring area, so that the relation of one to the other is doubtful. 
Both phases overlie the Amargosa thrust and the Virgin Spring phase; 
both are overlain unconformably by the Pliocene (?) Funeral fanglom- 
erate. In general the two phases differ in lithologic composition, but the 
Jubilee phase contains volcanic rocks resembling some of those in the 
Calico phase. On the other hand, the Calico contains no blocks of the 
tectonic breccias of granite and other rocks that are abundant in the 
Jubilee. The deformation that caused the original formation of these 
breccias possibly antedated the thrusting that produced the Jubilee. The 
Jubilee and Calico phases may conceivably be more or less equivalent 
to each other, but the writer believes that the Jubilee is the younger. 
It seems to have been the product of a movement that occurred later than 
or in the late stages of the Amargosa overthrusting and in general at a 
higher level but to have used, here and there, the plane of the older and 
lower thrust. Where this occurred, the Virgin Spring and Calico phases 
overlying the thrust were pushed away. 


ORIGIN OF AMARGOSA CHAOS 


The evidence that the Amargosa chaos as a whole has moved over the 
underlying floor of earlier pre-Cambrian gneiss is everywhere clear and 
convincing. The blocks in the chaos that lie directly on the gneiss range 
from later pre-Cambrian to Tertiary; the broad sides of the blocks and 
the bedding within the blocks that show bedding lie at all possible angles 
to this floor. The contact between the chaos and the gneiss is obviously 
an enormous thrust fault, which is here called the Amargosa thrust. 

Several features of this great fault, though each of them has already 
been more or less frequently mentioned, must be recapitulated here with 


j i] 
i 
; 
| 


978 L. F. NOBLE—STRUCTURAL FEATURES OF VIRGIN SPRING AREA 


special emphasis. One of these is that the upper plate of the overthrust— 
in other words the Amargosa chaos—consists of younger rocks than the 
mass below the thrust. It is more usual, of course, for the upper plate 
to consist of older rocks. Another significant feature is that the faults 
between blocks in the chaos, even between blocks that have come from 
strata originally hundreds of feet apart, do not dislocate the surface of 
the underlying gneiss; many have been observed to meet this surface at 
an acute angle and to steepen upward as they diverge from it. Both 
these facts, together with the fundamental fact of extreme disorder 
throughout the chaos, indicate that the thrust faulting took place at 
shallower depth and under lighter load than the movements that have 
produced thrust faults of the more usual type. 

Within the chaos, there is evidence that some parts moved under much 
heavier load than others. The tight packing of the blocks and the ab- 
sence of slices of tectonic breccia in the Virgin Spring phase and part 
of the Calico phase indicate that they moved under heavier load than 
the Jubilee phase. Several features of the Jubilee phase indicate move- 
ment under very light load—the piling one upon another of slices and 
wedges of shattered rock, the overriding of conglomerate and fanglom- 
erate by advancing thrust sheets of older rocks, and the deeply weathered 
gneiss that underlies the Jubilee phase at the Scotty Klippe, which the 
overthrust plate apparently was not heavy enough to scrape off. 

It is not known whether the three phases of the Amargosa chaos rep- 
resent separate thrust sheets that moved at somewhat widely separated 
times or whether they are parts of one great overthrust plate that moved 
more or less as a unit. A few miles north of the Virgin Spring area the 
contact of the Virgin Spring and Calico phases is not even lithologically 
sharp—blocks of typical Calico material are mixed with blocks of typical 
Virgin Spring material through a zone several hundred feet thick which 
grades upward into typical Calico material. The Calico and Jubilee 
phases are not exposed in contact with one another, and their relations 
one to the other are unknown, but the separation of the Jubilee phase 
from the Virgin Spring phase and from the rocks of the autochthonous 
block is everywhere sharp and is a thrust fault. This fact, in conjunc- 
tion with those just reviewed, suggests that the Jubilee phase may be 
the product of a considerably later movement than the Virgin Spring and 


Calico phases. 
AMARGOSA THRUST FAULT 


Description—The Amargosa thrust fault (Pls. 5, 7, 11) is easily traced 
because of the great contrast in lithologic character and structure between 
the rocks above and below it and the excellent exposures of the fault 
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PEAK 


Ficure 2. View NortTHEASTWARD AT SouTH or Matpats 
F, Funeral fanglomerate and B, interbedded basalt (dip slope of basalt, 25 degrees); rhb, breccia of rhyolite fragments; at base 
of fanglomerate. 
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Ficure 1. View Nortuwarp ALonc West Face or Matpars Hitt 
Showing Funeral fanglomerate and interbedded basalt unconformably 
overlying Amargosa chaos. At left, Virgin Spring phase of chaos over- 
lying autochthonous pre-Cambrian gneiss in Desert Hound anticline. 
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FUNERAL FANGLOMERATE AND INTERBEDDED BASALT, AND STRUCTURE IN RAINBOW MOUNTAIN 
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contact afforded by the steep slopes of the area. Because of later folding 
of the fault plane and the ruggedness of the topography the outcrop of 
the fault is sinuous in the extreme. Its length in the area mapped (PI. 3), 
which is only 7 by 14 miles in extent, is at least 50 miles. Fensters and 
klippen are numerous (PI. 10, fig. 1; Pl. 12), and many small klippen 


AMARGOSA 
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Ficure 4.—Amargosa thrust fault contact in East Fork of Graham Wash 


The autochthonous pre-Cambrian gneiss is disintegrated and bleached white at the top, and at the 
fault contact there is an 8-inch layer of white clay fault gouge, which is stained red by iron at its 
borders and contains a thin quartz stringer. The brecciated Noonday dolomite of the overthrust block 
is cut by a smooth wavy shear plane parallel to the thrust fault contact. (Sketched by G. W. Stose.) 


lie directly along the Shoshone-Death Valley highway in Bradbury and 
Rhodes washes that are readily accessible (Pl. 10, fig. 1; Pl. 12, fig. 2). 

At many places where the chaos has moved over massive unaltered 
pre-Cambrian gneiss the fault surface is grooved and striated and the 
contact is sharp. At other places, where the gneiss is disintegrated at 
the fault surface and less resistant, the contact is ragged, or serrate, on 
a small seale. The serrate contacts appear to be due to the plowing of 
the overthrust rock into soft material. 

Clay gouge is present at many places along the thrust but is commonly 
only a few inches thick (Fig. 4). Some of the gouge contains fragments 
of rock different from that in the adjacent overridden and underridden 
block; these fragments may have been dragged from some distance. Most 
of the gouge is white, owing to leaching of its iron content by circulating 
water. 

The fault surface is uneven. The major irregularities are the anticlines 
and synclines into which the thrust surface is folded (Pl. 3), but the 
surface is also irregular in detail and is wavy (PI. 10, fig. 1). Commonly 
this minor relief does not exceed 10 feet in a distance of a hundred but 
at some places it is much greater. It is not clear whether these minor 
irregularities are due to folding or to the original unevenness of the sur- 
face over which the chaos rode. 
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At some places the pre-Cambrian gneiss shows minor folds whose axes 
pitch parallel with the thrust surface, and well-defined joints cross the 
gneiss at right angles to the axes of folding. These features may be seen 
on the flanks of the Rhodes and Graham anticlines and in the fensters 
of the Graham anticline. 


Direction and magnitude of movement.—No direct measure of the mag- 
nitude and direction of the thrust movement is possible, because the roots 
of the thrust fault have not been found; but several lines of evidence 
indicate that the amount of movement was large and that the relative 
movement of the overthrust plate was toward the west. 

The distance between the known outcrops of the thrust, in the Virgin 
Spring area, is 11 miles from east to west and 6 miles from north to 
south (Pl. 3), and, from outcrops of what is believed to be the same 
thrust, its apparent minimum extent is 75 miles from northwest to south- 
east. 

Further evidence is afforded by the regional distribution of the Cam- 
brian and pre-Cambrian rocks. The Virgin Spring phase of the chaos 
consists of later pre-Cambrian and Cambrian sedimentary rocks. Most 
Cambrian rocks in the southern Death Valley region lie east and north- 
east of the Virgin Spring area, and most later pre-Cambrian sedimentary 
rocks lie southeast of the aree. The only exposures of Cambrian and 
later pre-Cambrian rocks lying westward from the area are in narrow 
strips along the bases of the Panamint and Owlshead ranges, where they 
are extremely disordered. The core and western slope of the Panamint 
Range consist of older pre-Cambrian metamorphic rocks. The known 
distribution of the rocks therefore suggests an eastern rather than a 
western source for the material in the Virgin Spring phase of the chaos. 

Some facts, indeed, appear to preclude a western source. The blocks 
of later pre-Cambrian sedimentary rocks in the chaos include Beck 
Spring dolomite and the Kingston Peak formation. The writer has found 
no outcrops of either of these formations anywhere in a wide region 
lying westward from the Virgin Spring area. Conversely, he has found 
in the chaos no blocks of Murphy’s Telescope group of pre-Cambrian 
rocks, which occurs in the Panamint Range, west and northwest of the 
Virgin Spring area. Furthermore, the granite in the Jubilee phase of 
the chaos resembles granite that is exposed in the Black Mountains and 
Kingston Range but is not found in the Panamint Range and Owlshead 
Mountains, westward from the Virgin Spring area. 

The arrangement of the blocks in the Amargosa chaos is also believed 
to give evidence as to the direction of movement. The rude shingling, 
or imbricate structure, which is, very broadly, a piling up of tabular 
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Ficure 1. Beck Sprinc Dotomire, Noonpay DoLomITE, AND SHALE OF THE JOHNNIE FORMATION 
Thrust over Tertiary gypsiferous and tuffaceous shale in lower northeast face of mountain. This is 
the thrust shown in middle of Figure 3 of Plate 18. 


Ficure 2. Beck Sprinc DoLomIrEe 
Thrust over Tertiary rocks near top of mountain. View looking east. 
Ts, undifferentiated Tertiary sedimentary rocks; €j, Johnnie formation; €n, Noonday dolomite; 
p€b, Beck Spring dolomite; p€c, Crystal Spring formation. 


THRUST FAULTS IN RAINBOW MOUNTAIN 
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Ficure 1. Becx Sprinc Do.omire, Do.tomire, AND INTRUSIVE DIABASE 
In the Crystal Spring formation, and brecciated granite of unknown age thrust over 
Tertiary conglomerate, breccia, and tuff at top of mountain. View looking north. 
Tf, fanglomerate; Tbf, breccia-fanglomerate; Tt, tuff; Ttb, tuff breccia; €n, Noonday 
dolomite; p€b, Beck Spring dolomite; p€c, dolomite of Crystal Spring formation; 


p€db, diabase intrusive in Crystal Spring formation; bgr, brecciated granite of unknown 
age; T, talc deposit in dolomite of Crystal Spring formation at contact with intrusive 
diabase. 


Ficure 2. BrecciaTeD GRANITE AND RHYOLITE OF UNKNOWN AGE 
Thrust over Tertiary tuff and fanglomerate, half a mile south of the summit of the 
mountain. View looking south. 


Ficure 3. FUNERAL FANGLOMERATE IN UPPER VIRGIN SPRING CANYON 


THRUST FAULTS IN RAINBOW MOUNTAIN AND FUNERAL 
FANGLOMERATE 
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blocks that for the most part dip eastward, indicates that the relative 
movement of the upper plate was from east to west (Fig. 5). 


Date of thrusting —The date of the Amargosa thrust is probably post- 
Miocene, for the Amargosa chaos contains some Tertiary rocks that are 


Ww. 

Ficure 5—Thrust fault contact in Eastern Star Wash, Shadow Mountains, Ivanpah 


quadrangle 


The fault plane below the overthrust block of brecciated Paleozoic dolomite (probably Goodsprings 
dolomite) dips gently eastward and is marked by fault gouge half an inch to an inch thick composed 
of white clay containing scattered small pebbles. The bedding of the overridden Tertiary sandstone 
and conglomerate is bevelled by the thrust plane. The fault plane splits, and a shear plane passes 
upward and westward into the dolomite, indicating that movement was toward the west. (Sketched 
by G. W. Stose.) 


believed to be not older than Miocene and are probably lower Pliocene. 
If the three phases of the chaos are the result of independent movements, 
it is not possible to assign definite dates in the Tertiary to these move- 
ments until more is learned about the Tertiary formations from which 
the blocks in the phases are derived. 
ROCKS LATER THAN THRUSTING 

Funeral fanglomerate——Lying unconformably upon the older pre-Cam- 
brian gneiss and the three phases of the Amargosa chaos is a series of 
poorly consolidated sediments, largely fanglomerate in the upper part, 
but partly fanglomerate and partly talus or landslide breccia in the 
lower part. Basalt flows are interbedded with the fanglomerate. The 
beds are somewhat folded, but their prevailing dips are eastward at angles 
between 25 and 35 degrees (PI. 3). The series is also cut by faults, 
most of them normal. 

The basalt flows and associated fanglomerate are continuously trace- 
able northward along the Black Mountains and Greenwater Range from 
Epaulet Peak, in the Virgin Spring area, to the type locality of the 
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Funeral fanglomerate north of Ryan (Pl. 1) and they are therefore cor- 
related with this formation, which is believed to be mainly later Pliocene 
but possibly in part early Pleistocene. 

The surface of erosion upon which the Funeral fanglomerate rests is 
very uneven and is overlain in some places by the breccias in the lower 
part of the formation, in other places by the basalt and fanglomerate 
of the upper part. The thickness of the formation thus varies widely’ 
from place to place. Where greatest, it is as much as 2500 feet. 

In the area mapped the formation crops out over about 20 square 
miles, but probably a much larger area of the formation is covered by 
a thin veneer of Quaternary alluvium (Pl. 3). The outcrops range in 
altitude from below sea level to as much as 4700 feet above sea level. 
Three conspicuous black hills or peaks of the basalt member form prom- 
inent landmarks—Shoreline Hill (altitude 500 feet) in the southwestern 
part of the mapped area (PI. 3; Pl. 16, fig. 2); and Malpais Hill (3217 
feet) and Epaulet Peak (4704 feet) in the eastern part of the area 
(Pl. 3; Pl. 5, figs. 2, 3). 

The breccias form lenticular beds which range in thickness from a 
few feet to more than 200 feet and commonly extend as much as half 
a mile along the strike. Each bed consists of angular fragments from 
a few inches to many feet in diameter. Some larger blocks are as much 
as 100 feet long. The material is wholly unstratified and jumbled. Each 
bed consists almost entirely of one type of rock, commonly a rock that 
underlies the Funeral formation somewhere near-by. At Jubilee Pass, for 
example, the underlying rock is a coarse augen gneiss, and the breccia is 
composed wholly of fragments of this gneiss; whereas, east of upper 
Virgin Spring Canyon, where the formation overlies the Calico phase 
of the chaos, the breccia beds are composed of fragments of rhyolite 
and tuff derived from that phase (PI. 18, fig. 2). 

The breccia beds are interlayered with beds of fanglomerate, some of 
which are as much as 200 feet thick. Much of the fanglomerate is well 
stratified and rests with depositional contact on the breccia. The under 
surfaces of some breccia beds exhibit evidence of movement, but most 
do not. Some of the breccia grades laterally from large masses of 
fractured rock through finer-textured breccia to unstratified fanglomerate 
and from unstratified fanglomerate to stratified fanglomerate. 

It is clear that the breccias were deposited while topographic relief 
was great and a vast amount of broken-up rock material remained in 
the region from the faulting that produced the Amargosa chaos and, ap- 
parently, while the region was still tectonically active. But, in contrast 
with the breccias of the Jubilee phase of the chaos, which are regarded 
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for the most part as broken-up thrust slices of rock formations, the 
breccias of the Funeral fanglomerate are interpreted for the most part 
as deposits of talus or of coarse fanglomerate. Some of them resemble 
landslide breccias described by Longwell (1936, p. 147) and by Wood- 
ford and Harris (1928, p. 279-283, 287-290) and may represent land- 
slides. 

There is no sharp boundary between the part of the Funeral formation 
that consists chiefly of breccia and the part that consists chiefly of 
fanglomerate. The breccia beds are most numerous and thickest near 
the base, gradually decreasing in number upward until all the rock is 
fanglomerate. The maximum thickness of the part that contains the 
breccia beds is about 1500 feet. 

The upper part of the formation consists almost wholly of fanglom- 
erate, as much as 1500 feet thick at some places, with interbedded flows 
of basalt near its base. The fanglomerate is made up chiefly of angular 
and subangular fragments which lie in a matrix of sandy or loamy ma- 
terial (Pl. 20, fig. 3), but some parts of it contain well-rounded cobbles. 
Most of the fanglomerate is well bedded. At some places it contains beds 
of light-buff volcanic ash a few feet thick. 

The fragments in the fanglomerate are commonly derived from rocks 
that crop out near-by. Near Graham and Virgin Spring washes they 
consist of pre-Cambrian gneiss and of rocks from the Virgin Spring and 
Calico phases of the chaos; at Shoreline Hill they include cobbles of 
basalt and granite from the Owlshead Mountains. The basalt cobbles 
are well rounded and are so numerous that they give a black color to 
the outcrops. At Gregory Peak the fanglomerate consists of two distinct 
layers. The lower layer is reddish because it is derived largely from 
material in the red tuffaceous conglomerate of the Jubilee phase of the 
chaos, which crops out not far away; it contains boulders of the red 
conglomerate and individual cobbles washed out of it. The upper layer 
is light gray or buff and consists of angular fragments of the pre-Cam- 
brian gneiss that forms the mountain slopes east of Gregory Peak. 

Most of the basalt is a black vesicular rock that contains abundant 
olivine, but some of the rock at Epaulet Peak is reddish brown and may 
be andesite. Most of the basalt outcrops are made up of series of 
thin flows. The flows that form Malpais Hill (Pl. 18, figs. 1, 2) are the 
thickest in the area mapped and have the greatest lateral extent. They 
are 150 feet in aggregate thickness at the hill, steadily diminish in thick- 
ness for 4 miles southward, and finally disappear near the Shoshone- 
Death Valley highway (Pl. 3). Throughout this distance they dip 25 
to 35 degrees east but they are broken by small faults. Vertical dikes 
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are exposed in the underlying rocks near the north end of Malpais Hill, 
which suggests that the flows are fissure eruptions fed by the dikes. 
The flows that form Shoreline Hill, Malpais Hill, and Epaulet Peak 
(Pl. 4, cross section C-C’) respectively are regarded as remnants of erup- 
tions from different centers. That they are nearly contemporaneous is 
suggested by the fact that they are all underlain by similar beds of light- 
buff, punky, or ashy tuffaceous fanglomerate containing rounded basalt . 
cobbles. 


Quaternary rocks.—The Quaternary deposits in the area mapped in- 
clude salt, basaltic cinders, and clay, all of which occur in Death Valley, 
and alluvial fans. 

Basaltic cinders form Cinder Hill, the eroded remnant of an ash cone 
northwest of Shoreline Hill in Death Valley (PI. 3; Pl. 17, fig. 1). Dis- 
sected remnants of unconsolidated beds composed largely of cinders lie 
at a number of places on the slopes around Death Valley, but most of 
them are too small to show on the map. All these remnants lie below 
the 500-foot contour. 

No deposits of the Quaternary Lake Manly, which once occupied Death 
Valley, have been identified in the area other than the salt in the bottom 
of the valley which may have been deposited in this lake. Strand lines 
of the lake are conspicuous at the north end of Shoreline Hill (Pl. 3; 
Pl. 4, cross section C-C’; Pl. 16, fig. 2), where they are cut in the basalt 
member of the Funeral fanglomerate (Blackwelder, 1933; Noble, 1926, 
1931). 

Gravelly alluvium, all of which is typical alluvial-fan material, occu- 
pies Bradbury, Rhodes, Graham, Virgin Spring, and Jubilee washes and 
the Death Valley trough. North of Gregory Peak, at the base of the steep 
slope that marks the Gregory Peak fault and the steep limb of the 
Desert Hound anticline (Pl. 3), the material is very coarse and the fans 
are steep talus cones—most of them simply great piles of large rock 
fragments. 

Except at the salt flat opposite and north of Gregory Peak, the alluvium 
is thin, as is shown by the great number of rock masses that project 
through it like islands, and is essentially a thin veneer on a pediment. 
The pediment is cut on the Jubilee phase of the Amargosa chaos and the 
Funeral fanglomerate except in Rhodes and Bradbury washes, where it 
essentially coincides with the exhumed surface of pre-Cambrian gneiss 
under the Amargosa thrust. At the south end of Death Valley, the pedi- 
ment extends below sea level. There is practically no alluvial filling in 
Death Valley at Ashford Mill, where cross section C-C’ (Pl. 4) is drawn, 
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for the gravel in the dry bed of Amargosa River at this point cannot be 
much over 50 feet thick, as shown by numerous exposures of the basalt 
member of the Funeral fanglomerate. The river is here more than 100 
feet below sea level. 

The Quaternary deposits are unconformable on all other formations 
in the area mapped. 


FOLDING LATER THAN AMARGOSA THRUST FAULT 


General statement.—There were two periods of folding in the Virgin 
Spring area later than the Amargosa thrust. The earlier folding took 
place before the deposition of the Funeral fanglomerate, which appears 
to have been deposited in tectonic depressions largely determined by the 
folding. This earlier folding is along axes that trend northwest and is 
believed to have been accompanied by faulting of unknown extent. The 
later folding involves the Funeral fanglomerate, and the axes of these 
later folds in part follow the axes of the earlier folds and in part are 
oblique to them. The folding was accompanied or followed by large- 
scale normal faulting. 


Pre-Funeral folding —The Amargosa thrust, together with the overlying 
chaos, has been folded into three main anticlines, which trend between 
N. 30° W. and N. 50° W. and plunge to the southeast; they have been 
named the Graham, Rhodes, and Desert Hound anticlines. Erosion has 
removed the chaos from the crests of these anticlines and has exposed 
the pre-Cambrian gneiss below the thrust plane, so that the anticlines 
appear on the map as areas of gneiss surrounded by the Amargosa chaos 
(Pl. 3). The exhumed smooth, broadly convex surfaces of gneiss are the 
“turtleback” surfaces that are the outstanding topographic features of 
the slopes of the Black Mountains bordering Death Valley (Curry, 1938). 
The Graham anticline is shown in the panoramic views (PI. 5, figs. 2, 3), 
and the Desert Hound anticline in the panoramic views (PI. 7; Pl. 16, 
fig. 1; Pl. 18, fig. 1). The three anticlines together form the core of the 
Black Mountain range in the Virgin Spring area. The Desert Hound 
anticline is much the largest of the three; its southern limb forms all the 
rugged mountain slope, or scarp, that rises east of Death Valley (Pls. 16, 
17). Cross sections B-B’, C-C’, and D-D’ (PI. 4) are drawn across the 
axes of the Desert Hound and Graham anticline, and cross section A-A” 
(Pl. 2) is drawn along the axis of the Desert Hound anticline. At places 
the folding was intense. All three anticlines are tightly compressed at 
their plunging southeastern ends; the area of gneiss exposed in the crest 
of the Graham anticline is not much over 100 yards wide for a distance 
of half a mile from the southeastern tip of the anticline, and the limbs 
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of the anticline are here nearly vertical (Pl. 3;. fig. 6). Elsewhere the 
dips on the flanks of the anticlines range from 15 to 50 degrees and 
average perhaps 35 degrees. Smaller folds are superposed upon the larger 
ones and also commonly trend northwestward. One of these folds, broken 
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Ficure 6.—Amargosa thrust fault contact at east end of Graham anticline south of 
Epaulet Peak 


The contact is vertical, and the autochthonous pre-Cambrian gneiss is sheared to a banded mylonite 
for 1 to 3 feet from the contact. The overthrust block of Middle Cambrian dolomite is greatly 
brecciated near the contact, and is overlain by a block of Lower Cambrian Noonday dolomite to the 


southwest. (Sketched by G. W. Stose.) 


by longitudinal faults, is marked by the long narrow area of gneiss that 
extends southeast from Dolomite Klippe to the West Fork of Virgin Spring 
Canyon (PI. 3). The klippen in the area that is occupied by Rhodes and 
Bradbury washes and traversed by the Shoshone-Death Valley highway 
mark the course of a much broken shallow syncline parallel with the 
Rhodes anticline (Pl. 12, fig. 2). 

The talus or landslide breccias already mentioned in the base of the 
Funeral fanglomerate suggest that some faulting accompanied or followed 
the earlier folding, but the faults, if they exist, either are concealed under 
the Funeral fanglomerate or have not been recognized. 


Post-Funeral folding—The folds that involve the Funeral fanglome- 
rate are all gentle. Some of them follow the older folds and trend north- 
west; others cut across the older axes of folding. 

The Death Valley syncline, the Confidence anticline, the shallow syn- 
cline in Rhodes and Bradbury washes (PI. 12, fig. 2), and a part of the 
Malpais Hill syncline (Pls. 2, 3, 4), are all the result of the later folding 
and follow the axes of the older folding. The Death Valley syncline coin- 
cides with the present Death Valley trough. The Confidence Hills anti- 
cline is a local fold in the Death Valley syncline and is parallel with its 
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axis (Pl. 7, fig. 1; Pl. 16, fig. 2). The northern part of the Malpais Hill 
syncline trends northeast and cuts directly across the older Graham anti- 
cline. The topographic depression occupied by the lower part of Virgin 
Spring and Jubilee washes is a shallow faulted syncline that trends east 
at an angle oblique to the axes of earlier folding (Pl. 4, D-D’). 

The relation of the folded Funeral fanglomerate to the Desert Hound 
anticline affords conclusive evidence of two periods of folding. Through- 
out exposures that extend 4 miles south from Malpais Hill the Funeral 
fanglomerate dips eastward on the west limb of the irregular Malpais Hill 
syncline and lies unconformably upon the Amargosa chaos. A mile south 
of the hill the unconformity bevels the Graham anticline. The truncation 
is complete; there is no expression of the underlying anticline in the over- 
lying fanglomerate (Pl. 3). 

Smaller folds whose axes are irregular in trend are superposed upon 
the larger folds in the Funeral fanglomerate. The presence of some of 
these folds is suggested by strike and dip symbols shown on the map in 
the fanglomerate south of Gregory Peak east of Death Valley and near 
Graham Peak east of Graham Wash. 


Post-Funeral faulting—The entire Virgin Spring area is cut by a net- 
work of faults, which are so numerous that only the larger ones are shown 
on the map. Many faults were observed whose throw is only a few tens of 
feet, but some of the large faults are measurable in thousands of feet. 
Most of the faults are normal, but at least two are reverse faults, and 
some recent faults in the Death Valley trough appear to be strike-slip 
faults. Most of the larger faults follow the limbs of the later folds. This 
association suggests that the faults are surficial tensional features result- 
ing from the folding. Some of the larger normal faults follow the plane 
of the Amargosa thrust where the plane dips steeply but diverge from it 
or cut it where it dips gently. 

The larger normal faults are the Graham Wash, the Virgin Spring 
Canyon, the Jubilee, the Gregory Peak, and the Ashford faults (Pls. 2, 
3, 4). 

The Graham Wash fault follows in part the east limb of the Malpais 
Hill syncline and cuts across the older Rhodes anticline (Pl. 2, A’-A’’). 

The Virgin Spring Canyon fault, in the lower part of the canyon, fol- 
lows the west limb of the Malpais Hill syneline and cuts across the older 
Desert Hound anticline (Pl. 4, C-C’, D-D’; Pl. 18, fig. 1); in the upper 
part of the canyon it follows the east limb of the Malpais syneline and 
cuts across the older Graham anticline (Pl. 4, B-B’; Pl. 5, fig. 3). 

The Jubilee fault is interpreted as a normal fault that in part coincides 
with the Amargosa thrust fault and in part has the same strike but a 
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steeper dip. It strikes east along the south limb of the broken-up shallow 
syncline in Jubilee Wash (Pl. 4, D-D’) and is offset by several later 
normal faults trending north and northeast. 

The Gregory Peak fault extends along the border of Death Valley and 
is on the northeast limb of the Death Valley syncline, which here follows 
the west limb of the older Desert Hound anticline (Pl. 4, B-B’; Pl. 16, 
fig. 1; Pl. 17, fig. 1). Like the Jubilee fault, it closely follows the Amar- 
gosa thrust, which nearly coincides with the more prominent parts of a 
great sloping surface of gneiss, but it dips more steeply than the thrust, 
and its dip increases northwestward until, at the north border of the 
Virgin Spring area, it is as high as 40 degrees. The fault is well exposed 
for 3 miles south of Gregory Peak and is a sharp break whose surface is 
grooved. It here separates the Funeral fanglomerate from pre-Cambrian 
gneiss. The division of the fanglomerate into a red and a light-gray layer, 
whose contact is in many places well exposed, makes it possible to recog- 
nize a succession of steep norma! step faults that branch from and ap- 
pear to hinge on the Gregory Peak fault and dip toward Death Valley. 

The Ashford fault, which offsets the Amargosa thrust at the mouth of 
Ashford Canyon, strikes north and south (PI. 16, fig. 2). Most of it is 
concealed by alluvium, but it appears to be a hinge fault whose throw in- 
creases steadily southward toward Death Valley (Pl. 4, C-C’). A fault 
of northeasterly strike that offsets the Jubilee fault southwest of Jubilee 
Wash (PI. 3) appears to be a similar hinge fault. 

A fault extends southeastward for about a mile from the east fork of 
Graham Wash near the point where the Malpais Hill syncline cuts across 
the Rhodes anticline (Pl. 3). The northwestern part of the fault is a 
reverse fault, dipping 35 degrees northeast, along which pre-Cambrian 
gneiss in the south limb of the Rhodes anticline overrides the Funeral 
fanglomerate including the basalt member. Farther southeast the fault 
is vertical. 

Another reverse fault striking northwestward branches from the Virgin 
Spring Canyon fault half a mile north of Virgin Spring and follows the 
west limb of the Malpais Hill syncline. At most places this fault is verti- 
cal but at some places it dips steeply southwest. Both reverse faults lie 
along the limbs of anticlines and dip under the anticlines. 

A number of roughly parallel faults on which there has been recent 
movement follow the axis of the Death Valley trough (PI. 3; Pl. 4, C-C’). 
These faults cut the Funeral fanglomerate. Their displacement com- 
monly amounts to several hundred feet, and some of them appear to have 
a fairly large horizontal component. The Quaternary alluvium is dis- 
located here and there along most of the faults, but the amount of such 
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recent movement in the alluvium, although in the same direction as the 
movement in the underlying fanglomerate, commonly does not exceed 
50 feet. 

A long straight fault follows the crest of the Confidence Hills anticline 
at Shoreline Hill (Pl. 3) and extends southeasterly for the full length of 
the Confidence Hills (Pl. 1), beyond the southern boundary of the area 
mapped. This fault seems to have a considerable horizontal as well as 
vertical component, for several stream channels that drain northeastward 
are deflected sharply several hundred feet to the right where they cross 
the fault. This deflection indicates a relative northwestward movement 
of the southwest side of the fault. Cinder Hill (Pl. 3; Pl. 17, fig. 1), is 
split into two parts apparently by a similar strike-slip fault along which 
the west side of the fault moved northward. 

Recent movements have taken place on the normal hinge faults that 
drop the Funeral fanglomerate toward Death Valley in the area west and 
south of Gregory Peak (PI. 4, B-B’). Where one of these faults crosses 
the mouth of a canyon a mile south of Gregory Peak (PI. 3) there is a 
west-facing scarp in the very recent gravel fill on the floor of the canyon. 
The scarp is 40 feet high and half a mile long and is a conspicuous feature 
as seen from the highway along the east side of Death Valley. 


ORIGIN OF DEATH VALLEY 


The structure of the southern part of Death Valley, in the Virgin Spring 
area, is thought to be essentially a syncline modified by normal faulting 
rather than a graben bounded by normal faults. The western slope of 
Smith Mountain, which dips steeply toward Death Valley, consists 
mainly of the pre-Cambrian gneiss, overlain near Scotty Canyon by sev- 
eral klippen of the Amargosa chaos (PI. 16, fig. 1). This general scope 
of the mountain is essentially the somewhat dissected floor of the Amar- 
gosa thrust fault, which dips under the Quaternary deposits of Death 
Valley and apparently rises to the surface in the Panamint Mountains 
west of the valley. West of Ashford mill the Funeral fanglomerate in- 
cluding the basalt member, which is exposed on both sides and in the 
bottom of Death Valley, is bent into a shallow syncline which coincides 
with the Death Valley trough (Pl. 3; Pl. 4, C-C’). This part of Death 
Valley is therefore interpreted as primarily a syncline in the Funeral fan- 
glomerate, which follows the trend of the folding of the Amargosa thrust 
fault and chaos. Normal faults cut the Funeral fanglomerate on the east 
limb of the syncline and drop the fanglomerate stepwise toward Death 
Valley (Pl. 3; Pl. 4, B-B’). These faults are therefore later than the Plio- 
cene (?) Funeral fanglomerate. Very recent scarps in Quaternary allu- 
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vium show moderate displacements on these faults in the same direction. 
It may be that faulting on a larger scale than is now evident occurred 
after the folding of the Amargosa thrust and chaos and prior to the depo- 
sition of the Funeral fanglomerate, and that these faults are concealed by 
the fanglomerate and by Quaternary deposits. The talus and land- 
slide breccias at the base of the Funeral fanglomerate east of Jubilee 
Wash may have been deposited along such pre-Funeral fault scarps. 


CROSS SECTION FROM DEATH VALLEY TO KINGSTON RANGE 


The writer has constructed a generalized geologic cross section (Pl. 2) of 
the southern Death Valley region from Death Valley to the Kingston 
Range by mapping a strip 2 miles wide along the line A-A’”” shown on 
the sketch map (PI. 1) of the southern Death Valley region. The map- 
ping, like that of the Virgin Spring area, was done on a 1:62,500 scale 
map enlarged from the 1:250,000 scale Avawatz Mountains sheet. The 
section is 50 miles long and crosses the region from northwest to south- 
east. A part of it traverses the Virgin Spring area, where it constitutes 
section A’-A” shown on the geologic structure map (Pls. 3, 4). Unlike 
the cross sections B-B’, C-C’, and D-D’ (PI. 4), which are primarily struc- 
ture sections, A-A’”’ is a more typical geologic section in that rock forma- 
tions in thrust plates are shown separately, insofar as possible on the scale 
of the section. Accordingly, the section (P]. 2) has a different legend from 
that of the geologic structure map (PI. 3). 

Northwest of the Virgin Spring area, the section follows the axis of the 
Desert Hound anticline, the metamorphic pre-Cambrian core of which 
forms Smith Mountain (Pls. 1-3). The anticline pitches northwest- 
ward from the summit of the mountain and plunges beneath the allu- 
vial floor of Death Valley at Mormon Point. Erosion has removed the 
Amargosa chaos from the mountain, so that the general tangent surface 
across the ravines carved by erosion is the exhumed floor of the Amargosa 
thrust fault. The Funeral fanglomerate lies in fault contact with this 
floor of the thrust at Mormon Point, where relations are similar to those 
at the Gregory Peak fault (Pl. 4, B-B’). Fractured tabular masses of 
altered dolomite lie beneath the floor of the fault above Mormon Point 
and are welded to the underlying gneiss in a tightly compressed shear 
zone parallel to the Amargosa thrust and apparently just beneath it. 
The age of the marble is not known. Near the summit of the mountain, 
at the northern border in the Virgin Spring area, the pitch of the Desert 
Hound anticline changes to southeast. 

Within the Virgin Spring area, the section crosses the Malpais Hill syn- 
cline and runs thence along the crest of the southeast-plunging Rhodes 
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anticline to Rhodes Wash at the eastern border of the area. These fea- 
tures along the section of the Virgin Spring area (PI. 2, A’-A”) have been 
described. 

Southeast of the Virgin Spring area as far as the Ibex Hills, the Amar- 
gosa thrust fault lies either a little above or a little below the surface. 
Rhodes and Bradbury washes occupy shallow synclines of the Virgin 
Spring phase of the Amargosa chaos, and the structure in Rhodes Hill, 
between these washes, is a rather sharp anticline from whose summit and 
western slope the chaos has been removed by erosion. Rhodes and 
Bradbury washes are alluvium-covered pediments nearly coinciding with 
the floor of the Amargosa thrust fault. 

Ibex Peak is structurally an anticline of pre-Cambrian gneiss; south- 
east of the peak the anticline passes into a broad syncline in which rocks 
of the Virgin Spring phase of the chaos overlie the Amargosa thrust fault. 
Near the fault the chaos resembles that at the type locality in Virgin 
Spring Canyon. The blocks include all the later pre-Cambrian sedimen- 
tary formations and all the Lower Cambrian formations below the Wood 
Canyon formation and are piled one upon another on thrust planes that in 
general dip easterly. The blocks become increasingly larger southeast- 
ward away from the Amargosa thrust fault, and the structure passes up- 
ward from chaotic to coarsely imbricate so that formations can be mapped 
separately on a 1:62,500 scale. 

McLain Peak is a block of at least 1000 feet of beds of the Lower 
Cambrian Wood Canyon formation which dip steeply east and southeast. 
Along the crest and southeast slope of the ridge that culminates in 
McLain Peak, a tabular block of greatly shattered basal Lower Cambrian 
Noonday dolomite a mile long is thrust over the nearly vertical Wood 
Canyon formation on a plane that dips 20 to 30 degrees southeast (PI. 2, 
A-A’”’). A similar tabular block of the later pre-Cambrian Beck Spring 
dolomite is thrust over the Noonday block on a plane that dips 20 to 
30 degrees southeast. Above the Beck Spring block are smaller shattered 
blocks of quartzite, Noonday dolomite, and pre-Cambrian gneiss. Al- 
though the rocks in the two lower imbricate blocks are of kinds character- 
istic of the Virgin Spring phase of the Amargosa chaos, the blocks are 
believed to represent the Jubilee phase because of their close association 
with the complex of blocks and thrust slices farther southeast classed as 
Jubilee. The fault at the base of the blocks is therefore interpreted as 
the fault at the base of the Jubilee. 

From McLain Peak to the Alexander Hills (Pl. 1), the rocks make 
up a chaotic assemblage which is correlated with the Jubilee phase. 
They are overlain unconformably by a thick sedimentary series of silt- 
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stones, gypsiferous clay shales, and fanglomerates, in open folds which 
are cut by normal faults (Pl. 2, A”-A’’). This series is tentatively 
correlated with the Funeral fanglomerate of the Virgin Spring area. The 
underlying chaotic assemblage contains all the kinds of rock characteristic 
of the Jubilee phase in the Virgin Spring area and, like the Jubilee phase, 
is made up essentially of thrust slices of granite, gneiss, and later pre- 
Cambrian sedimentary rocks, alternating with slices of Tertiary fanglom- 
erate, conglomerate, shale, algal limestone, tuff, ash, and lava. The pre- 
vailing dip of the trust faults between the slices is between 20 and 40 
degrees easterly. The lithologic make-up of the larger slices is shown in 
the cross section (Pl. 2, A”-A’’). The thrust slices of brecciated granite 
resemble those in the Jubilee phase in the Virgin Spring area. Many 
thrust slices are large blocks of sedimentary formations in which the 
bedding can be clearly distinguished despite the shattering. Some of 
the blocks are as much as half a mile long and 300 feet thick. Some 
of these blocks grade laterally into tectonic breccia, and some of them 
override talus or fanglomerate that was apparently being deposited 
in front of them while they were advancing thrust plates. Many fan- 
glomerate beds overlie tectonic breccias on depositional contacts. 

Rainbow Mountain, which is on the line of this section, is one of the 
geological showplaces of the Death Valley region and is accessible by a 
good road to Acme (Pl. 1). Here the Amargosa River has cut a canyon 
1000 feet deep whose steep walls display a spectacular cross section 
of a part of the chaos. The mountain is made up of thrust slices of 
Cambrian and pre-Cambrian rocks alternating with slices of Tertiary 
rocks, all of which dip in general about 30 to 40 degrees eastward but 
are also anticlinally arched. It is from the arching bands of contrasting 
color formed by the outcrop of these thrust slices that the name Rainbow 
Mountain is derived. The panoramic view of the mountain (PI. 18, fig. 
3) shows the arrangement and lithologic composition of the slices and 
the folded Pliocene (?) beds that unconformably overlie the chaos. Other 
views (Pls. 19, 20) show some of the thrust faults between the slices. The 
summit of the mountain is a klippe of later pre-Cambrian dolomite and 
diabase nearly half a mile long that rests upon Tertiary fanglomerate, 
shale, and tuff (Pl. 2, A”-A’”). That the klippe is a thrust slice of rock, 
not talus breccia or landslide breccia, is attested by the fact that it pre- 
serves intact a workable tale deposit, which lies along an intrusive contact 
between diabase and pre-Cambrian dolomite and is penetrated by a tun- 
nel 50 feet long. 

The mass of rock of the later pre-Cambrian Crystal Spring formation 
exposed at the base of Rainbow Mountain is believed to be a part of the 
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underlying Virgin Spring phase of the Amargosa chaos, as are also certain 
imbricate blocks of later pre-Cambrian and Cambrian formations ex- 
posed in Amargosa Canyon 2 miles north of the line of section A-A’” 
but not crossed by the section. Hot springs issue copiously from these 
shattered blocks at a number of places in the canyon and near Tecopa 
farther north, and the Amargosa thrust is presumably not far beneath 
the blocks. The spring near Tecopa is widely known and is a popular 
resort for tourists. Hot springs are associated with major thrust faults 
at several other places in the Death Valley region, but the source of the 
hot water is not known. The springs in Amargosa valley carry boron 
and fluorine. 

A fault at the west base of the Alexander Hills (Pls. 1, 2) separates 
the rocks of the Pliocene (?) sedimentary series and the underlying 
Jubilee phase of the chaos from the later pre-Cambrian and Lower Cam- 
brian rocks that form the hills. Large elongate blocks of these older 
formations lie, broadly speaking, in normal stratigraphic sequence and 
in general strike north and dip steeply east. Some of the blocks are as 
much as a mile long. The westernmost block consists of the Crystal 
Spring formation and contains some of the largest workable tale deposits 
in the region. It is succeeded eastward by a block of the Beck Spring 
dolomite, which is succeeded by conglomerate and quartzite of the Kings- 
ton Peak formation. The crest of the hills consists of Noonday dolomite, 
and the eastern slope is composed of rocks of the Johnnie formation. 
The rocks are not so disordered as in the Ibex Hills; the formations 
are readily mappable on the scale of 1:62,500. The contact between the 
Noonday dolomite and the Kingston Peak formation is at the strati- 
graphic horizon of the unconformity at the base of the Lower Cambrian 
but it appears to be not a depositional contact but a flat thrust fault. 
The dip of the Noonday dolomite at many places is highly discordant 
with the contact, and the contact where exposed is in a shear zone. At 
some places the rocks of the Kingston Peak formation under the contact 
are bent into small folds, some of which are overturned toward the west, 
but the folding does not extend downward into the underlying massive 
Beck Spring dolomite. 

Southeast of the Alexander Hills the relations of the rocks indicate 
that all these rocks in the Alexander Hills overlie the Amargosa thrust. 
At several places between the Alexander Hills and Kingston Gap (Pls. 
1, 2), disordered blocks of dolomite of the Crystal Spring and Noonday 
formations lie on a flat surface of pre-Cambrian gneiss into which granite 
and granite porphyry are intruded. This surface is a thrust plane which 
resembles the Amargosa thrust fault and which, like the Amargosa thrust, 
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is broadly warped and folded. The assemblage of blocks above the thrust 
resembles the Virgin Spring phase of the chaos. Single blocks and 
groups of blocks form klippen on the surface of the pre-Cambrian gneiss. 
Tale Hill (Pls. 1, 2), near Kingston Gap, is a tilted and broken-up dolo- 
mite block of the Crystal Spring formation half a mile long in which the 
beds of dolomite dip into the underlying flat thrust plane at angles as 
high as 50 degrees and are truncated by the thrust plane. Tunnels driven 
into a tale deposit in the dolomite follow the pre-Cambrian surface under 
the klippe, so that it is possible to walk under most of the klippe with one’s 
feet on the thrust surface and one’s hand on the rocks of the overlying 
thrust plate. 

The relations of the rocks beneath Kingston Gap are concealed by 
Quaternary alluvium. The small part of the Kingston Range traversed 
by the cross section southeast of the gap consists of granite which projects 
through alluvium. This granite is part of an intrusive body regarded by 
Hewett as early Tertiary (personal communication). 

Beyond the end of the cross section structural features similar to those 
just described are exposed over an area that extends at least 15 miles 
eastward into the Ivanpah quadrangle and includes the Shadow Moun- 
tains. These features, which have been described by Hewett (1928) are 
likewise interpreted as parts of the Amargosa thrust fault and chaos, 
which thus appear to be exposed for at least 75 miles southeast of Death 


Valley. 


FEATURES SIMILAR TO AMARGOSA THRUST FAULT AND CHAOS 
IN OTHER PARTS OF GENERAL REGION 


The Amargosa thrust fault and chaos are exposed in the Black Moun- 
tains for 20 miles north of the Virgin Spring area (Pl. 1). The fault is 
folded, and the overthrust chaos has been eroded so that the pre-Cambrian 
gneiss that forms the cores of the anticlines is exposed at the surface, as 
in the Desert Hound anticline. The surface of the gneiss on the limbs 
of the anticlines forms large parts of the mountain slopes rising eastward 
from Death Valley. These “turtleback” surfaces are being mapped and 
studied by Curry (1938, p. 1875). 

The Amargosa chaos is also exposed at several places in the Greenwater 
Range (PI. 1), 5 to 10 miles northeast of the Virgin Spring area. It 
here overlies pre-Cambrian gneiss, which is intruded by granite, and is 
folded into several broad domes. 

The dominant structure in the Funeral Mountains, 35 to 50 miles north 
of the Virgin Spring area, is a northwest-trending anticline affecting a 
thrust plate composed of fault blocks, chiefly of Paleozoic but partly 
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of Tertiary rocks, which resembles the Amargosa chaos but contains 
many blocks larger than any in the Amargosa chaos of the Virgin Spring 
area. The blocks overlie pre-Cambrian metamorphic rocks that resemble 
the pre-Cambrian Surprise formation of Murphy (1932), and the contact 
is a flat fault similar to the Amargosa thrust. These metamorphic rocks 
in the core of the anticline form the crest and slopes of the central part 
of the range for 23 miles. 

At the northern end of Bare Mountain, just east of Beatty, Nevada, 
and 60 miles north of the Virgin Spring area, blocks of altered dolomite, 
quartzite, and other pre-Tertiary sedimentary rocks overlie pre-Cambrian 
metamorphic rocks with a fault at the contact that resembles the Amar- 
gosa thrust. The complexly faulted Tertiary volcanic rocks of the Bull- 
frog district overlie the pre-Tertiary sedimentary rocks and the pre- 
Cambrian metamorphic rocks, and the contact is a low-angle fault 
(Ransome, 1910, p. 101-103). The pre-Tertiary sedimentary rocks may 
represent a thrust plate similar to the Virgin Spring phase of the Amar- 
gosa chaos, and the Tertiary volcanic rocks may represent a plate similar 
to the Calico phase. 

In the Spring Mountain Range (Pl. 1), 35 miles northeast of the 
Virgin Spring area, a flat thrust fault of great displacement, named the 
Johnnie thrust by Nolan, has pushed younger Paleozoic over older Paleo- 
zoic rocks (1929, p. 461-472). This thrust fault is folded and is cut 
by later normal faults. Nolan correlates it with the Laramide orogeny 
of Longwell (1926, 1928). He also describes a number of thrust faults 
that bring younger over older Paleozoic rocks, cut the Johnnie thrust, 
and show evidence of having developed under a very light load. Nolan 
believes that these faults may be correlated with the middle or late 
Tertiary thrust faults, found by Hewett to the south (1928, p. 7-12), 
which in turn are correlated with the Amargosa thrust by the present 
writer. 

The crest and the western slopes of the Panamint Range, west of 
Death Valley, consist of earlier pre-Cambrian metamorphic rocks. The 
eastern slopes consist of later pre-Cambrian, Paleozoic, and Tertiary 
rocks, which lie in extreme disorder. The earlier pre-Cambrian rocks in 
the northern and western parts of the range exhibit “turtleback” surfaces 
like that of the Desert Hound anticline. These features suggest that 
the dominant structure of the Panamint Range may be an anticline 
in a thrust plate like the Amargosa chaos, in the core of which the pre- 
Cambrian gneiss of the autochthonous block is exposed. 

The Nopah Range (PI. 1), 25 miles east of the Virgin Spring area, is 
composed of Paleozoic rocks, from Cambrian to Carboniferous in age, 
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that dip in general eastward and lie in fairly orderly stratigraphic suc- 
cession. Near the Noonday mine, at the south end of the range, blocks 
of later pre-Cambrian sedimentary rocks overlie pre-Cambrian gneiss 
end underlie Noonday dolomite in an imbricate arrangement resembling 
that of the Virgin Spring phase of the Amargosa chaos. The contact be- 
tween this assemblage of blocks and the gneiss may be the Amargosa 
thrust fault, which may thus pass eastward beneath the Paleozoic rocks 
of the Nopah Range. At places along the contact the Noonday dolomite is 
involved in the thrusting. 

In Mesquite Valley, Nevada, at a point 50 miles east of the Virgin 
Spring area, a klippe of Mississippian limestone 3000 feet long lies on 
Tertiary shale, but the base of the shale is not exposed (Hewett, 1928, 
p. 8). This feature may represent the Amargosa chaos. 

Structural relations in the Avawatz Mountains (PI. 1), 20 miles south 
of the Virgin Spring area, are imperfectly known, but the core of the 
mountains consists of crystalline rocks associated with disordered masses 
of limestone, quartzite, and other rocks—some known to the Paleozoic 
but others of unknown age—which may represent the Amargosa chaos. 
Along the north face of the mountains a fault that is believed to be a 
prolongation of the Garlock fault separates the crystalline rocks of the 
mountain mass from a chaotic assemblage of Tertiary and older rocks 
that lie in the Death Valley trough and are folded along axes that strike 
northwestward, parallel with the trough. This assemblage of rocks exhib- 
its many features characteristic of the Jubilee phase of the Amargosa 
chaos. 

Near Bitter Spring, 50 miles south of the Virgin Spring area, two 
masses of shattered earlier pre-Cambrian gneiss, one of them as much 
as half a mile long, lie upon Tertiary shale far from any bedrock outcrops 
of the gneiss. The base of the shale is not exposed, and the relations 
of these masses are unknown, but they suggest features characteristic 
of the Jubilee phase of the Amargosa chaos. 

Near Baker, 60 miles southeast of the Virgin Spring area, remnants 
of a thrust plate of Carboniferous and other rocks lying on a basement 
of earlier pre-Cambrian and other rocks are exposed west of the Death 
Valley trough, and other remnants of the plate are exposed within the 
trough. This thrust plate also resembles the Amargosa chaos. Old Dad 
Mountain, in the Ivanpah quadrangle, 18 miles southeast of Baker, is 
a remnant of this plate which has been studied by Hewett (in manu- 
script). 

Features somewhat resembling the Amargosa chaos are present 10 
miles west of Silver Lake, on the Silver Lake-Randsburg road; northeast 
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of Barstow in the Calico Hills; and near Baxter, at the mouth of Afton 


Canyon on Mohave River. 

The Silurian Hills, 35 miles southeast of the Virgin Spring area and 
on the east side of the Death Valley trough opposite the Avawatz Moun- 
tains, are carved from a thrust plate made up of many blocks that 
resembles the Amargosa chaos. The blocks consist for the most part 
of later pre-Cambrian sedimentary rocks and lie on a floor of earlier and 
later pre-Cambrian rocks that are intruded by granite. The thrust plate 
is apparently folded and is broken by normal faults. 

In the Shadow Mountains, 35 to 50 miles southeast of the Virgin Spring 
area, blocks of later pre-Cambrian and Paleozoic rocks are thrust over 
earlier pre-Cambrian gneiss at some places, and at other places blocks 
of earlier pre-Cambrian, later pre-Cambrian, and Paleozoic rocks are 
thrust over Tertiary fanglomerate, shale, tuff, and rhyolite (Hewett, 
1928, p. 7-12). The exposures are continuous with those in the Silurian 
Hills, and the entire complex is believed to represent the Amargosa 
chaos. 

It is thus evident that the Amargosa thrust and chaos, or structural 
features similar to them, are present at many places within a northwest- 
trending belt, at least 150 miles long and in places at least 75 miles wide, 
which borders and includes the Death Valley trough. The Virgin Spring 
area lies very nearly in the central part of the belt. 
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Plate Facing page 

ABSTRACT 


The structure elements of metamorphic and granitic rocks along the Sierra Nevada 
front between Mt. Lyell and Mt. Whitney combine into a regional pattern dom- 
inated by northwest, northeast nearly north-south, and west-northwest directions, all 
reflected in the much younger plan of Tertiary-Pleistocene border faults. The ele- 
ments of basement structure indicate strong upward motion, accompanied or followed 
by horizontal shift and local overthrusting. The motion on northwest and west- 
northwest structures was like the shift that has been observed on the San Andreas 
fault. On northeast structures, the movement seems to have been like that which 
caused: the horizontal displacement reported by Hulin on the Garlock fault. 

This shear pattern suggests north-south compression. Into such a system, the 
nearly north-south structures fit as tensional features. 

The intersections of the northwest and northeast shift zones were loci of especially 
intense deformation, and in some cases they were especially favored by intrusions. 
Pleistocene volcanic outlets were grouped on similar intersections in the fault 
pattern. 

The internal structures of the intrusions and their contact relations with the 
metamorphic rocks seem to preclude any great amount of downward stoping, and 
seem to indicate forceful intrusion. Time relations between intrusion and wall- 
rock deformation in general, however, reduce forceful intrusion to a comparatively 
minor factor. 

The data suggest that space for the intrusions was provided mainly by buckling, 
as a result of north-south compression, of the already tightly folded metamorphic 
rocks. The importance of the derivation of the granite from metamorphic rocks 
essentially in situ cannot yet be estimated. 


INTRODUCTION 
SETTING 


Modern structural studies in the Sierra Nevada of California began 
with the visit of Hans Cloos (1928) to the Yosemite region in 1927 and 
were continued for some years thereafter by Ernst Cloos (1931; 1937). 
By 1936, two structure sections, Yosemite (E. Cloos, 1931) and San 
Joaquin (Mayo, 1937), had been surveyed across the central part of the 
Sierra Nevada, and these two sections had been connected by structural 
work along the eastern front of the range. 

The structure of the magnificent, easily accessible exposures remained 
unknown along the crest of the Sierra Nevada, south of the San Joaquin 
section to the Tehachapi Mountains, at the southern end of the range. 
These exposures lie in a belt, about 150 miles long and 10 to 30 miles wide 
(Fig. 1), which includes the highest and most rugged mountains in Cali- 
fornia. If this belt were structurally mapped, a sample should be fur- 
nished of the deformations that have affected the southern half of the 
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Sierra Nevada. This mapping would also afford a framework for future 


investigations in this little known region. 
In June 1936, financed by a grant from the Penrose Bequest of The 
Geological Society of America, the writer began mapping this area. This 


Area Studied 


Portion Discussed 
in this poper 


Ficure 1—Index map 


structural reconnaissance was completed in October 1937, after 15 months 
of field work. A map, which includes in greatly generalized form the results 
of this work, has been published (Locke, Billingsley, and Mayo, 1940). 


FIELD METHODS 


Because granitic intrusions are by far the most abundant rock in this 
part of the Sierra Nevada, the Cloos system of granite tectonics (Balk, 
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1937) was the mainspring of the structural study. An attempt was made 
to adapt the Cloos methods to reconnaissance in such as a way that the 
greatest amount of information could be secured in the least possible time. 
To this end, certain elements (traces of primary flow, steep primary joints, 
and some intrusive contacts) were plotted, and others, including all gently 
dipping primary fractures, although noted where seen, were not mapped. 

It is, perhaps, regrettable that because of this selection the many mar- 
ginal fissures and most of the cross joints do not appear on the map 
(Pl. 2). The marginal fractures constitute important evidence of the 
movements of the intrusions as they entered the solid stage of their his- 
tory, and the cross joints help to link the fracture patterns with the earlier 
plastic adjustments. In spite of this objection, however, it is thought that 
by no other selection of elements could so much structural information 
have been obtained on the granitic rocks of so vast an area in so short 
a time. 

In place of more refined methods of studying structures in the meta- 
morphic rocks (Sander, 1930; Knopf and Ingerson, 1938), a modification 
of the Cloos methods was substituted. As many readings as possible were 
obtained on bedding, cleavage, and upthrusts (the planar, or layered 
structures) and on linear stretching and fold axes. Many of the steep 
joints in the metamorphic rocks also were plotted. 

The mapping of the border faults of the Sierra involved no new prin- 
ciples or methods. No attempt was made to distinguish the many kinds 
of granitic rock in the core of the Sierra Nevada, but distinction was made 
between basic forerunners, the main mass of granodiorite, quartz mon- 
zonite and granite, and large intrusions of porphyritic granite. In two 
places on Plate 1, masses of siliceous granite are shown separately. 


SCOPE AND OBJECTIVES 


Although illustrations are borrowed from the whole area, the present 
paper deals principally with the interval between Mt. Lyell, at the north, 
and Mt. Whitney. This, as shown in Figure 1, is approximately half of 
the region that has been studied structurally. Some results obtained by 
other workers are included, as indicated in the acknowledgments. 

In the interval Mt. Lyell-Mt. Whitney the plan of Upper Jurassic, 
and possibly earlier, orogenic movements is preserved perfectly. Cover 
rocks, mostly Tertiary and Pleistocene lavas and tuffs, are very local, and 
post-Nevadan deformations have scarcely affected the older structures. 
This is not so true south of Mt. Whitney, where, although exposures are 
excellent, the pattern of ancient deformations was complicated, and 
locally obliterated, by Tertiary movement. The discussion of these con- 
ditions is planned for a future paper. 
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The objectives of the present paper are: (1) to define the pattern of 
primary structures in the crystalline rocks and to show the relation be- 
tween this pattern and the arrangement of younger structures, such as 
the faults that limit the Sierra Nevada on the east; (2) to interpret the 
structural pattern in terms of rock movements; and (3) to discuss, insofar 
as the available data will allow, the problem of igneous intrusion in the 
Sierra Nevada. 

To this end, the crystalline rocks are briefly described, and their struc- 
ture elements are considered in some detail. From these elements the 
regional pattern is built. A discussion of regional joints, border faults, and 
Pleistocene volcanoes is necessarily included. 
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THE ROCKS 
GENERAL STATEMENT 


The record of deformations within the Sierra Nevada is preserved mostly 
in granitic and metamorphic rocks. 

The regional development of granitoid massifs is the most conspicuous 
result of pre-Tertiary orogenies. It has long been known that the plutonic 
core of the Sierra Nevada is an assemblage of small units (Mayo, 1937, 
p. 170-171; E. Cloos, 1936, p. 365-371). These rocks form a series ranging 
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from diorite or gabbro to granite. Although there is some contradictory 
evidence, most observations show that the components were emplaced in 
order of increasing silica. 

During development of the intrusions, older rocks were not all de- 
stroyed. As shown on Plate 1, the metamorphics survive as zones or strips, 
locally broad, but usually thin and sinuous. At many places, only trains 
of fragments remain. The metamorphics are divisible into two series, one 
of which contains only metasediments, while the other contains meta- 
volcanics in addition to material of sedimentary origin. 


METAMORPHIC ROCKS 
Metasediments.—Argillites predominate among the metasediments and 
vary in appearance according to intensity of deformation and meta- 
morphism. Within some of the broader zones, such rocks have barely 
attained the slate stage. In narrow strips and small lenses they are 
phyllites, cedar-brown quartz-mica schists, and, where most deformed, 
dark-gray quartz-hornblende-feldspar schists with local bands or borders 
of amphibolite. Toward some intrusive contacts, the dark-gray schists 
grade into migmatite and banded gneiss. Toward other intrusions, slaty 
rocks give way to black hornfels that appears to be structureless. 

Second in order of abundance are crystalline limestones and their 
derivatives—lime-silicate rocks and white “sugary” quartz-diopside rocks. 
The bluish-gray, crystalline limestones are divided at many places by thin 
layers of white tremolite. These layers are parallel to bedding or other 
structural planes. Where sharply buckled, the bluish-gray rock has 
changed to white, coarsely recrystallized marble. Buckles in limestone, 
near intrusions, localize masses of tactite (Hess, 1919). Near Mammoth 
Lakes, white, quartz-diopside rocks appear as structurally controlled re- 
placements of marble. At the head of Red Mountain Creek (37°02’N, 
118°24’W, Bishop quadrangle) a much twisted band of marble merges 
along the strike into white, quartz-rich rock with thin, greenish layers 
of lime silicates. 

Quartzite has not been identified in the region, and conglomerate is 
very rare. One small conglomerate lens is known northwest of Mammoth 
Lakes (37°42’N, 119°05’W, Mt. Lyell quadrangle). 

Evidence on the age of the metasediments is meager and indirect. A 
few poorly preserved fossils, tentatively referred to the Devonian (Mayo, 
1931), were found in crystalline limestone in Laurel Canyon (37°35’N, 
118°54’W, Mt. Morrison quadrangle). Walcott (1895) mentioned a Lower 
Cambrian sandstone in the foothills of the Sierra west of Big Pine, in the 
Bishop quadrangle. These outcrops were shown on Knopf’s (1918) re- 
connaissance geological map of the eastern front of the southern Sierra 
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Nevada, but the rock at this locality is crystalline limestone, not sand- 
stone. The outcrops have been searched repeatedly but unsuccessfully 
for fossils. It may be significant that the tattered zone of metasediments 
along the Sierra scarp from Independence to the northern end of Owens 
Valley is paralleled on the east by a thick section of Paleozoic rock in 
the Inyo Mountains (Knopf, 1918, p. 19-45). 

The evidence just reviewed does not provide a basis for dating all the 
metasediments, as they may include rocks of several eras; until more 
conclusive evidence is forthcoming, however, it seems best to assign them 
to the Paleozoic. 


Metavolcanic rocks—Knopf (1918, p. 58-59) discussed the metavol- 
canic rocks at Union Wash in the Inyo Range, in the Alabama Hills near 
Lone Pine, and on Independence and Oak creeks in the Sierra Nevada. 
The rocks were described as a series of somewhat sheared andesite and 
rhyolite flows, associated with schistose metatuffs. Knopf wrote (1918, 
p. 59): 

“The andesitic series is probably of middle or late Triassic age. The evidence 
on which this determination is based was found on the ridge on the south side of 
Union Wash, in the Inyo Range, where the basal part of the volcanic series, con- 
sisting of andesitic breccias, interleaves with the underlying limestones of Middle 
Triassic age. Moreover, angular fragments derived from these limestones are 
common inclusions in the breccias. It is therefore certain that the andesitic series 
is younger than these limestones, and the most probable interpretation of the 
facts at hand is that Middle Triassic sedimentation in this locality was terminated 
by a great outburst of volcanic activity”. 

Along the Sierra front north of the Alabama Hills metavolcanics extend 
from Oak Creek (36°49’N, 118°22’W, most northerly exposures described 
by Knopf) past Mt. Goddard to the northwestern part of Mt. Goddard 
quadrangle where they are dispersed in granite. North of this place, they 
reappear and are separated from metasediments by a long, narrow, grano- 
diorite intrusion (Mayo, 1935, p. 675). In the Ritter Range, just south 
of Mt. Lyell, the metavolcanics expand into a broad, irregular mass that 
includes minor lenses of metasediments. Erwin (1934, p. 19-33; 1937, 
p. 393-398) has discussed the origin and structure of the metamorphic 
rocks in this area. 

The metavolcanics, like the metasediments, are more intensely deformed 
and more highly metamorphosed in the smaller masses and near shear 


zones or intrusive contacts. 
GRANITIC ROCKS 
Time of intrusion.—All the metamorphic rocks in the area studied have 
been invaded by members of the intrusive sequence. Near Mt. Lyell, meta- 
voleanics of probable Triassic age have been intruded by even the earliest, 
basic forerunners (Erwin, 1937, p. 399-400), and the same is true at many 
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places farther south. Northwest of the area shown on Plate 1, in the 
region of the Mother Lode, some of the granitoid masses intrude the Mari- 
posa formation, in which Upper Jurassic fossils have been found (Smith, 
1894; Turner, 1894, p. 452-456). Nowhere is any part of the intrusive 
sequence known to invade Cretaceous strata. Beyond the northern end 
of the Sierra, on the contrary, Hinds (1934, p. 189-190) found Lower 
Cretaceous beds with granite pebbles resting on the eroded surface of 
one of the intrusions. This evidence indicates that some of the granite and 
related rocks formed in Upper Jurassic time; but it is not logical to assume 
that this was the only time of emplacement. For example, Knopf (1929, 
p. 18-19) has suggested that some of the intrusions in the Mother Lode 
region are Upper Paleozoic in age. 


Forerunners.—In the Yosemite Valley, the forerunners described by 
Calkins (Matthes, 1930, p. 123-124) are hornblende gabbro and horn- 
blende diorite. These basic rocks make up an intrusive complex that is 
in part plainly older than the more siliceous rocks of the area, but some 
of the diorite invades granite. The transection of granite by diorite is 
strikingly displayed on the tremendous cliff of E] Capitan. Erwin (1937) 
reported andesine diabase, hornblende diorite porphyry, and hornblende 
diorite as forerunners to the main granitic mass in the area south of Mt. 
Lyell. The diorite, latest of the forerunners, is plainly shattered and in- 
truded by granodiorite and quartz monzonite. 

Southeast of Mammoth Lakes, at 37°30’N, 118°51’W, near the bound- 
ary common to the Mt. Goddard and Mt. Morrison quadrangles, a steep, 
dikelike intrusion of hornblende diorite divides metasediments parallel 
to their cleavage. This diorite is a composite, formed during at least three 
impulses. The earliest phase is the darkest; thousands of its fragments 
are included in succeeding phases. Sharp, intricate contacts show that 
earlier phases were shattered when later ones were emplaced. This com- 
posite forerunner was cut off to the south by granodiorite, which was 
invaded by quartz monzonite. 

Knopf (1918, p. 69-71) found masses of hornblende diorite and horn- 
blende gabbro along the Sierra scarp west of Owens Valley. The plutonic 
complexes described from there by him are composite forerunners that 
include many lenses and partitions of schist and are traversed by dikes 
and irregular masses of granite and aplite. These complexes also contain 
local bands or lenses of amphibolite. Although in general earlier than 
adjacent, more siliceous intrusions, the dark complexes have locally moved 
past, and sent apophyses into the later massifs. Such late adjustments 
have shattered the complexes for injection of the irregular aplitic 
network. 
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THE ROCKS 1011 


Throughout the area shown on Plate 1, as well as in other known parts 
of the Sierra, the basic forerunners are widely distributed as dark zones, 
strips, lenses, and masses of various shapes. Thus they simulate in their 
distribution the remnants of metamorphic rock. 


The series granodiorite-granite—The bulk of the Sierra Nevada core 
ranges in composition from granodiorite to granite. Of these, quartz 
monzonite seems to be predominant. Along the Sierra front, from north 
to south, are: Half Dome quartz monzonite in the Tuolumne region 
(Matthes, 1930, p. 126; E. Cloos, 1936, p. 368-369), the main intrusive 
quartz monzonite south of Mt. Lyell (Erwin, 1937, p. 400-402), and 
eugranitic quartz monzonite along the scarp west of Owens Valley (Knopf, 
1918, p. 63-65). At most places these quartz monzonites merge into grano- 
diorite, but wherever sharp, distinct contacts separate the two rocks the 
granodiorite is earlier. 

Following the even-grained quartz monzonite, but locally grading into 
it, is a more siliceous rock containing large phenocrysts of potash feldspar. 
North of Mt. Lyell this rock was called by Calkins (Matthes, 1930, p. 
126-127) the Cathedral Peak granite. The same name is here applied to 
the long, narrow intrusion of porphyritic quartz monzonite west and south 
of Mammoth Lakes and to a third mass of the same type in the Mt. 
Whitney region. 


Siliceous granites and granite porphyries, later than the Cathedral 
Peak granite, occur throughout the mapped areas shown on Plate 1. Ex- 
amples are: Johnson granite porphyry at Tuolumne Meadows (Matthes, 
1930, p. 127-128), micropegmatitic granite south of Mt. Lyell! (Erwin, 
1937, p. 402), and the sodic granites mapped by Knopf (1918, p. 67-69) 
west of Owens Valley. 


Final insertions.—All members of the intrusive sequence were pene- 
trated by dikes of aplite and pegmatite. Basie dikes also commonly 
emerge as very late comers. At many places, fractures, originally filled 
with basic dike material, were later reopened and injected with aplite or 
pegmatite. 


STRUCTURAL FEATURES OF THE METAMORPHIC ROCKS 
ORIGINAL STRUCTURES 
Beds and other primary layers—Throughout the region, layers of con- 
trasting color helped to identify bedding in the metamorphic rocks. Con- 
glomerate layers in schist, sandy, argillaceous, or cherty layers in lime- 
stone, and graywacke layers in argillite were additional indicators. Cross- 


1 The position in time of this granite in the intrusive sequence was not determined with certainty. 


‘ 
| 
¥ 


1012 E. B,. MAYO—MT. LYELL-MT. WHITNEY, CALIFORNIA 


bedding was observed at one place in crystalline limestone, and once in 
metatuff. The alternation of tuff and lava, and of layers of coarse and 
fine grain in metatuff, revealed a sort of coarse bedding in the meta- 
voleanics. Primary flow layers were found locally in presumably Triassic, 
slightly metamorphosed lava. 


Contacts.—In the metamorphic rocks the contact of greatest importance 
is the surface that separates the metavolcanics from the metasediments. 
In spite of many years of geological study in this region, very little is 
known about the nature of this boundary. At many places, as shown on 
Plate 1, the two series of metamorphic rocks are separated by intrusions. 
Where they actually touch, the contact is rarely well exposed. Wherever 
the contact can be seen, it is very steep, and much shearing has been local- 
ized along it. At such places, the two series of metamorphic rocks appear 
to be conformable, but this appearance may result from the intense de- 
formation. 


In low cliffs, south of Mammoth Rock, at 37°36’N., 118°59’W., in the Mt. Morrison 
quadrangle, structure taken for bedding in the metavolcanics locally strikes nearly at 
right angles to the (concealed) contact, whereas bedding in the near-by metasediments 
is parallel to the contact. Directly west of Mammoth Rock, coarse tuffaceous mem- 
bers of the metavolcanic series, on the western side of the contact, carry inclusions of 
crystalline limestone that is in place on the eastern side of the contact. This local 
evidence suggests an unconformity between the metavolcanics and the metasediments. 

Other contacts of importance to the structural study are those between 
mechanically dissimilar rocks, such as quartzite and schist, crystalline 
limestone and schist, or weak metatuff and strong, metamorphosed lava. 
These contacts are nearly everywhere steep and have been converted into 
upthrusts (PI. 5, fig. 1). In Figure 8 is shown a very complicated contact 
between crystalline limestone and schist. This greatly deformed surface 
is such an extreme modification of the original contact that it is probably 


best regarded as an imposed structure. 


IMPOSED STRUCTURES 


Isoclinal folds—The most favorable localities at which to study in 
detail the deformations of the original structures are within the broadest 
metamorphosed areas and in rocks such as thick argillite series which 
have yielded fairly uniformly. At such places, it is clear that the bedding 
was deformed into myriads of small, closely appressed folds (Pl. 4). These 
folds are usually less than 50, and rarely more than 300, feet in width, 
but a few broader flexures were seen. 


In the cliffs on the eastern side of Laurel Mountain, and on the northern slopes 
of Mt. Morrison, in the southwestern part of the Mt. Morrison quadrangle, there 
is exposed a huge isoclinal fold that involves a thick layer of crystalline limestone 
and quartz-diopside rock. This fold, fully 1000 feet across, can be seen to good 
advantage from the shores of Convict Lake and from various points along the trail 
that follows Convict Creek above the lake. 
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On the southern slope of McGee Mountain (37°33'N., 118°49’W., in the Mt. Mor- 
rison quadrangle), almost directly under the summit, is exposed a syncline in crys- 
talline limestone. Here, again, it is more than 1000 feet from limb to limb of 
the fold. This structure may be seen from various points on the trail that follows 
McGee Creek along the southern base of the mountain. 

The summit of Red Slate Mountain, at 37°31'N., 118°52'W., in the Mt. Morrison 

quadrangle, is a huge, crumpled anticline of quartz-diopside rock. This anticline 
is at least 2000 feet across. 
The above examples suggest that the many observed small folds are 
parts of larger flexures. Because of the intense deformation, however, 
these larger structures are very difficult to detect, except where revealed 
by some marker, such as a thick layer of crystalline limestone or quartz- 
diopside rock. 

In narrow bands or lenses of metamorphic rock, in all zones of especially 
intense deformation within the broader metamorphosed areas, and in the 
metamorphics adjacent to intrusions, crests and troughs of folds are rarely 
visible. At many such places, however, it seems by comparison with more 
favored localities that isoclinal folds exist and that crests and troughs 
have been erased. In some situations intense rock flowage has modified 
the isoclinal structure. 

The folds strike parallel to the strips of metamorphic rocks and curve 
as these strips curve. The axial planes commonly vary in dip from 60 
degrees to vertical, although much gentler dips are known. The fold axes 
usually pitch at less than 40 degrees, and these pitches reverse in direc- 
tion as though the axes were deformed into broad waves athwart the 
trend. 

The steep attitudes of the folds (Pl. 4; Pl. 6, fig. 1) strongly suggest 
that most of the metamorphosed areas represent not flat objects, resting 
on a granite surface, but nearly vertical partitions, or septa, that divide 
the intrusions to unknown depths. This is also suggested by the shapes 
and arrangements of the remnants of metamorphic rock shown on Plate 1. 
Moreover, exposures in cliffs at many localities show that narrow septa 
continue little diminished in width to depths greater than 1000 feet. Be- 
tween Mt. Humphreys and the middle fork of Bishop Creek in Mt. 
Goddard quadrangle (near 37°15’N, 118°38’W), a narrow septum is 
exposed with little change in width throughout a vertical distance of more 
than 4000 feet! 

In marked contrast to these conditions, Durrell found (1940, p. 27, 
Fig. 29) that large masses of metamorphic rock in the southern Sierra 
Nevada northeast of Visalia were flat-bottomed. 


Cleavage—Most of the metamorphic rocks show cleavage. Certain 
hard, resistant lava members in the metavoleanics seem never to have 
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cleaved, but other nearly structureless types, such as hornfels and quartz- 
diopside rocks, may have had their cleavage obscured by recrystallization. 


The cleavage usually parallels the axial planes of the isoclinal folds 
(Fig. 2). Seen in cross section, small elements of the rock, such as the 


\ 


Ficure 2—Cleavage and an isoclinal 
fold 


On canyon wall, Middle Fork of Kings 
River. Pumice fragments in metatuff are 
flattened in plane of cleavage. 


pumice fragments represented in Figure 2, have their largest surfaces in 
the plane of cleavage. Minute offsets occur in the bedding where it is 
transected by cleavage on crests and troughs. Slip on the cleavage may 
have been a factor in the formation of the appressed folds. 

At some places the cleavage, seen on nearly flat surfaces, appears as 
intersecting sets of minute cracks. In such cases the nearly vertical 
intersections of the cracks parallel steep bedding and therefore probably 
parallel the axial planes of isoclinal folds. The angle between these cracks 
is largest (as great as 32 degrees) where the rock is finest-grained and 
shows least evidence of deformation. As deformation increases, toward a 
shear zone or intrusive contact, the cleavage angle decreases. An example 
may be borrowed from a place far south of the area shown on Plate 1. 

Figure 3 illustrates stages in reduction of the cleavage angle, seen across the summit 
of a high ridge west of Chimney Meadow (35°52'N., 118°05’'W.) in the Kernville 
quadrangle. 

In the left-hand block, the rock represented is a very fine-grained, hard gray 
argillite. with a fairly well developed linear structure, shown on the side of the 
block. The angle between the cleavage cracks approaches 32 degrees. The central 


block represents somewhat coarser-grained, darker argillite, located perhaps 50 
feet nearer a prominent shear zone. The angle between the cleavages in this block 
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Figure 1. IN ARGILLITE Ficure 2. In ArGILLITE 
Southern edge of Mt. Morrison quadrangle. Eastern base of Mr. Morrison. Folds, over- 
Folds, overturned to the west, pitch 25°. turned to the west, pitch 35°. Cleavage 
Looking north. parallels handle of pick. Looking north. 


Ficure 3. In INTERBEDDED ARGILLITE AND LIMESTONE 
Western slope of Mt. Morgan, Mt. Morrison quadrangle. Folds, slightly overturned to the 
west, have nearly horizontal axes. Section in view is 12 feet long. Looking north. 


ISOCLINAL FOLDS 
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Ficure 1. Uprnrust 

Near summit of Mt. Morrison, Mt. Morrison quad- 

rangle. Light-gray quartz-diopside rock thrust 
over argillite. Looking north. 


Ficure 2. Lingzar ELEMENTS 


Near head of Fish Creek, Mt. Goddard quadrangle. Dark spindles in pale-gray metatuff 


parallel handle of pick. Looking southwest. 


UPTHRUST AND LINEAR STRUCTURE 
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is remarkably smaller, and the linear structure is somewhat better developed. A 
rock fragment from the shear zone is represented in the right-hand block. Here 
the rock has recrystallized and has so coarsened in grain that the individual crystals 
are plainly visible to the unaided eye. The color is darkest here, because of the 
growth of dark-green, partially chloritized biotite. If two cleavages ever existed 


Figure 3.—Closure of angle of multiple cleavage 
Ridge west of Chimney Meadow, Kernville quadrangle. 


here, the angle between them has closed, and the remaining cleavage was deformed 
into many tiny folds with vertical axes. Linear structure is strongly developed 
parallel to these fold axes. 

Shears.—Where a single direction of cleavage prevails, as is usually the 
case, it may be followed by many small shears that likewise offset the 
bedding on fold crests and troughs (Fig. 4). At some localities, such as 
Duck Lake, in the Mt. Morrison quadrangle, cleavage is also paralleled 
by greater shears, spaced some hundreds of feet apart and strongly ex- 
pressed in the topography. These are upthrusts, localized on the con- 
tacts between resistant, little-metamorphosed lavas and yielding meta- 
tuffs. At other localities, similar upthrusts coincide with steep contacts 
between quartzite and argillite (Pl. 5, fig. 1). 


Linear structures—The simplest structures in the metamorphic rocks 
are linear. Elements of the linear structure include elongated pebbles, 
elongated tuff fragments, columnar or needlelike crystals, grooves, fold 
axes, and trains or streaks of equidimensional particles or of partially 
recrystallized mineral powder. These elements lie in planes of bedding, 
cleavage, or shear, and on joint surfaces. All types of lineation, except the 
fold axes, were most perfectly developed where the rocks were most in- 
tensely deformed. 


Cigar-shaped pebbles in conglomerate near Tioga Pass, in the Mt. Lyell quad- 
rangle, were first described by Hans Cloos (1928, p. 250-251) and more recently by 
Ernst Cloos (1936, p. 363). The axes of these pebbles are parallel to one another 
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and pitch nearly vertically. Similar occurrences are known near Agnew Meadows 
on Middle Fork of San Joaquin River and at several localities in the Kernville 
quadrangle, south of the area shown on Plate 1. 

Figure 5 illustrates deformed pebbles in conglomerate west of Chimney Meadow 
in the Kernville quadrangle, near the place where the data were obtained for 


~ (Section) Sw 


Ficure 4—Cleavage and shears 


South shore of Duck Lake, Mt. Morrison quad- 
rangle. 


Figure 3. The long axes of the pebbles are parallel, and pitch about vertically. 
They thus behave like the cleavage intersections and axes of tiny folds shown in 
Figure 3. In the vicinity of this stretched conglomerate, a linear fiber is so strongly 
developed that the rock stands as many tall, slender shafts, resembling a forest 
of tree trunks. 

At many places in tuffaceous members of the metavolcanic series, the 
tuff fragments are elongated in the plane of cleavage (PI. 5, fig. 2). 

On planes of cleavage, shear, or upthrust it is common to find idiomor- 
phic, columnar, or needlelike crystals with longest axes parallel. These 
crystals are usually amphiboles or elongated feldspars. At a few places 
in the metavoleanics, piedmontite is the linear element. These columnar 
crystals reach a length of 3 millimeters, yet show no sign of crushing. 
Because they occur on surfaces of motion, yet are not fractured, the 
crystals have probably acquired a preferred orientation after the move- 
ment, through growth that was guided by a previously developed linear 
fiber. 

In many places, crystals of other than columnar shape are arranged 
in lines. Trains of equidimensional garnets occur locally in the crystalline 
limestones, and in the schists there are linear rows of biotite flakes. In 
limestones southeast of Mammoth Lake, deformed fragments of crinoid 
stems, and of other fossils, locally show linear arrangement. 
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Throughout the region, the surfaces of shears and joints carry grooves, 
and streaks of crushed minerals. Such phenomena grade into slickensides. 
Commonly, the coating that forms these polished and striated surfaces is 
epidote with varying amounts of chlorite. 


Ficure 5.—Pebbles with azes parallel 


West of Chimney Meadow, Kernville quadrangle. The longest axes of the pebbles 
are parallel to each other and pitch nearly vertical. At the left-hand side of the block 
is shown a horizontal cross section of one of the pebbles. The curved fractures in the 
pebble are filled with green amphibole. 


The linear elements usually coincide, or approximately coincide, with 
the dips of steep structural planes, but exceptions are not rare. Many 
steep joints bear subhorizontal streaks or grooves, and gently pitching 
linear elements occupy some steep cleavages. The axes of the isoclinal 
folds are further examples of gently pitching linear elements. 


Rock flowage——Although some rock flowage must have occurred every- 
where in the metamorphics, the phenomena of such flowage are not uni- 
versally conspicuous but are greatly accentuated near intrusive contacts 
and major shear zones, and at all localities where deformation was espe- 
cially intense or where associated materials varied greatly in resistance. 
Figure 2 of Plate 6 illustrates the usual condition of argillaceous rocks 
near intrusions. The schist is coarsely crystalline; bedding has disap- 
peared, and its place has been taken by foliation (Harker, 1932, p. 203). 
This foliation, thrown into strong relief by concordant injections of quartz 
and aplitic matter, now discloses the forms of intricate flowage folds. 

Where calcareous and argillaceous layers occur together in impure 
limestones, crests of isoclinal folds are marred by complications (Fig. 6). 
The calcareous layers, by rock flowage, have assumed various irregular 
shapes and are enwrapped by the argillaceous layers. With further de- 
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formation, resulting in coarse recrystallization of the limestone, rock flow- 
age became still more prominent. Argillaceous layers were disrupted, and 
the individual fragments, yielding plastically, assumed the shapes and 
attitudes characteristic of the dark inclusions in the granitic rocks of the 


Ficure 6—Complications in the crest of an overturned fold 
McGee Creek, Mt. Morrison quadrangle. 


region. Siliceous layers, or lenses, shattered to angular crumbs. The cal- 
citic portion, in which flow layers took the place of bedding and cleavage, 
served as matrix for these inclusions (Fig. 7). Where crystalline lime- 
stone was involved with more resistant rocks in an overthrust, the result- 
ing structures were like flames before a wind (Fig. 8). The mobile lime- 
stones behaved as intrusions; they injected and shattered the containing 
schists, enwrapped inclusions, and sent out dikes. 


Joints——Although the metamorphic rocks are traversed by many joint 
systems, only three types received any attention in this study. Where 
linear stretching is pronounced, cross joints are arranged at right angles 
to it. Steep cross joints that lie at right angles to lineation that pitches 
gently southeastward were found in metavoleanic rocks a few miles south 
of Mammoth Lakes (Pls. 1, 2). Elsewhere, because of steep lineation, 
the cross joints dipped gently and were not plotted on the maps. Wherever 
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the trends of the septa are northwest and fairly constant, cleavage or 
bedding within them is approximately paralleled, both in strike and in 
dip, by steep joints. These fractures frequently carry subhorizontal 
grooves and are crossed at right angles by steep joints of northeast trend. 


Figure 7.—Part of a flai surface of crystalline limestone 


McGee Creek, Mt. Morrison quadrangle. Argillaceous layers were 
disrupted and the fragments plastically deformed; siliceous lenses 
shattered. 


Basic dikes and dikes of aplite and pegmatite very frequently follow 
either northwest or northeast joints. 


Contacts between septa and intrusions.—The septa are usually sepa- 
rated from the intrusions by nearly vertical, sharp contacts. At most 
places, the deformation in both the granitic and the metamorphic rocks 
is especially intense near their mutual contacts, as though these contacts 
had separated differentially moving masses. The margins of some of the 
smaller intrusions within the septa, however, yield little or no evidence of 
such differential motion; thin sections of specimens from such places 
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show the crystals that make up the granite and the adjacent schist inter- 
locking across the contact. 

Although sharp contacts are definitely the rule, at a few localities 
gradations from the metamorphic rocks to granite are suggested: 


Ficure 8—Limestone and schist in an overthrust 


Near headwaters of McGee Creek, Mt. Morrison quadrangle. The metamorphic rocks are 
overthrust toward the right (west) away from intrusions lying eastward. 


Where the metavolcanics bend sharply eastward in the northwestern part of the 
Mt. Goddard quadrangle, the septum is invaded irregularly from within by many 
small granite intrusions. The resulting intricate contacts are very well exposed on 
Bear Creek, a few hundred yards above the Southern California Edison Company’s 
dam. Although, in general, these contacts appear to be sharp, many abrupt pro- 
jections and narrow steamers of schist gradually fade, schlierenlike, into the granite. 

Above the northern shore of the highest lake on Red Mountain Creek, in the 
Bishop quadrangle, the quartz-rich rock with thin layers of lime silicates, previously 
referred to in the discussion of crystalline limestones, when traced southward along 
its strike toward the eastern shore of the lake, gradually looses its identity as a 
metamorphic rock. The lime-silicate layers disappear, and a few small biotite crystals 
seem to take their place. Metacrysts of quartz become more abundant in the 
rather fine-grained groundmass, and this groundmass gives way also to metacrysts of 
potash feldspar. The last stage seen was a rock very similar in appearance to a 
near-by intrusion of siliceous granite. Although a more prolonged investigation 
might reveal a sharp contact between the intrusion and the greatly modified sedi- 
ment, a rather careful search did not disclose it. 

At many places between Long Lake and Bishop Pass in the Mt. Goddard quad- 
rangle, there appears to be no definite contact between the granodiorite and the 
metamorphics. Along the vague border between the intrusion and its wall rock 
is a zone of hybrids in which survive many folded, schlierenlike relics of schist 
(Fig. 9). With increasing distance from the metamorphics, these relics become 
fewer, and the hybrid becomes a typical granodiorite. 

At a number of localities, evidence like that presented above gave the impression 
that cedar-brown schists grade along their strike through coarse-grained, dark-gray 
schist and foliated diorite into nearly structureless diorite. These places still re- 
quire more detailed investigation, however, because talus at critical points, together 
with surface staining, may conceal sharp contacts. 
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STRUCTURAL FEATURES OF THE GRANITIC ROCKS 
STRUCTURE ELEMENTS OF INTRUSIONS 


Knowledge of the internal structures of intrusions has advanced greatly 
during the past 2 decades, mainly through the efforts of Hans Cloos and 
his collaborators. The early work of the Cloos school was published in 
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Ficure 9.—Recrystallized schist streamers in hybrid rock 
On trail, Long Lake-Bishop Pass, Mt. Goddard quadrangle. 


German and was thus for a time not easily accessible to most English- 
speaking geologists. A list of these books and papers, complete to 1925, 
was published by Hans Cloos in a treatise on the structure of the Riesenge- 
birge intrusion in Silesia (H. Cloos, 1925, p. 82-83). In 1925 also, Robert 
Balk published a brief account of the work of the Cloos school, and 
since that date many papers on the structural features of igneous rocks 
have been published in English. The most outstanding of these is by 
Balk (1937) and contains detailed descriptions of the structure elements 
found in igneous rocks, and many references to the published works of 
geologists of the Cloos school. It also includes a list of papers on granite 
tectonics and related subjects, most of which were published in 1935-1937. 
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Of special interest to students of the intrusive rocks of the Sierra 
Nevada are papers by Hans Cloos (1928), Ernst Cloos (1931; 1932; 
1933; 1935; 1936), and by W. D. Johnston, Jr., and Ernst Cloos (1934). 
In his latest paper on the structure of the Sierra Nevada core, Ernst 
Cloos (1936, p. 371-375) published a detailed outline of the structure 
elements of the intrusions. This outline is so complete that it would 
serve to guide very detailed structural investigations of the granitic 
rocks. It includes elements ranging in age from a primordial, plastic 
stage of the granite, through a transition stage when plastic adjustments 
began to give way to fracture, to the essentially solid stage, when frac- 
ture was the dominant mode of adjustment. 

For the purposes of the present study, which is a structural reconnais- 
sance, not all the elements listed by Ernst Cloos were mapped. The 
description follows of the elements used in constructing the accompany- 
ing maps (Figs. 17, 22; Pls. 1, 2) and of a few structural features that 
were noted, but not mapped. The order of presentation is, in general, 
similar to the order previously used by Ernst Cloos. 


OLDEST STRUCTURES 


General statement.—The oldest structures in the granitic rocks are 
linear and planar, or layered. These granitic rock structures have been 
described by Balk (1937, p. 7-23) as “linear flow structures” and “platy 
flow structures.” Ernst Cloos (1936, p. 375-386) classified the elements 
composing these lineaments and layers as “Elemente der Fliessphase” 
(“elements of the flowage phase”). They are frequently referred to in 
this paper as flow lines and flow layers. These oldest structures of the 
granitic rocks are usually conformable—i.e., neighboring layers or planes 
are approximately parallel, and the lineation lies in the planes. The 
structure is revealed by the parallel orientations of inclusions, schlieren, 
and minerals. 


Inclusions —The inclusions in the granitic rocks may for the present 
be divided into two groups: (1) plainly recognizable wall-rock xeno- 
liths, (2) dark inclusions whose origin is not at once evident. The sec- 
ond class includes the overwhelming majority of all enclosures in the 
granitic rocks of the Sierra Nevada, and it has been discussed in detail 
by Pabst (1928). 

The dark inclusions constitute more than half the volume of some of 
the basic forerunners; they occupy one-fifth to one-twentieth the volume 
of many granodiorites and quartz monzonites, are rare in the Cathedral 
Peak granite, and are very rare, small, and dim in the latest, most siliceous 
granites. The minerals in these dark enclaves are usually those common 
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Ficure 1. IsocuinaL Foips 
West slope of Mt. Morgan, Mt. Morrison quadrangle. Looking northwest. 


Ficure 2. Rock FLowaGeE 1n RECRYSTALLIZED ARGILLITE 
Taboose Pass, Mt. Whitney quadrangle. Looking north. 


ISOCLINAL FOLDS AND ROCK FLOWAGE 
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Ficure 1. ELONGATED Lenses, ALMosT PERFECTLY PARALLEL 
In granodiorite. Evolution Creek, Mt. Goddard quadrangle. Feldspar metacrysts are visible in 
largest dark lens. Minerals in the granodiorite conform to the orientation of the 
inclusions. Looking west. 


Ficure 2. SticHtty ELONGATED Lenses, RouGHLY PARALLEL 
In quartz monzonite near the intrusive contact. McGee Creek, Mt. Morrison quadrangle. A similar 
rough parallelism was found among the minerals of the quartz monzonite. Looking north. 


INCLUSIONS 
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to the enclosing rock, but biotite and (or) hornblende reach much 
higher concentrations in inclusions than in the surrounding granite. The 
crystals in the inclusions are usually much smaller than those in the 
enclosing rock, and the texture of the inclusions is usually porphyroblastic 
because of growth in the dark, fine-grained matrix of larger crystals of 
feldspar (PI. 7, fig. 1). Over large areas the inclusions may tend toward 
uniform size and shape, but if the whole region is considered there is a 
tremendous range in size, shape, and angularity. There is also great 
range of texture and in the relative proportions of light- and dark- 
colored minerals. In some single swarms of enclosures, a dozen or more 
varieties, based on color and texture, may be distinguished. 

The minerals within the inclusions may show scarcely perceptible 
orientation or they may be strongly oriented in planes or layers; they 
may likewise show a linear orientation, which varies in perfection from 
place to place. Usually, both planar and linear elements of parallelism 
occur in the same inclusion. These internal arrangements of the minerals 
are usually reflected in the external shapes of the inclusions. Thus, in- 
clusions with strongly developed internal platy parallelism are, as a 
rule, thin and flat, somewhat like pancakes. Inclusions in which planar 
and linear elements of parallelism are about equally developed are triaxial 
ellipsoids or flattened form with one definitely longest axis. Where the 
linear parallelism is very strongly developed internally, the inclusion 
is spindlelike. 

The internal structure of the dark inclusions is usually conformable 
to the structure of the surrounding rock. Likewise, the structural planes 
or lineaments formed by the parallel orientation of inclusions are con- 
formable to, and are indeed part of, the analogous structures in the sur- 
rounding granite (Pl. 7). 

In addition to the parallel arrangement of individual inclusions, struc- 
ture of a higher order is locally revealed by the appearance of tabular 
or elongated swarms of inclusions. Within such swarms the individual 
enclosures may be flat, spindlelike, or any other shape. Where the in- 
dividuals are neither definitely flat nor definitely elongated, the local 
structure may be revealed only by the shape of the entire swarm. 


Schlieren.—In the granite rocks, concentrations of hornblende or bio- 
tite, or both, form dark layers or streaks with indefinite borders (Pl. 8). 
The mineralogy of these dark layers resembles that of the dark in- 
clusions, but the sizes of crystals in schlieren and surrounding granite 
are more nearly alike. Light-colored feldspathic schlieren characterize 
some of the intrusions; layers or streaks composed of large feldspar 
phenocrysts are common in the Cathedral Peak granite. Schlieren are 
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nearly always present in the granitic rocks near their contacts with 
septa or near contacts between intrusions of different ages. They also 
occur locally, far within the intrusions, often associated with dark en- 
closures in fluxion swirls (Fig. 10). 


Ficure 10.—Inclusions and schlieren 


(A) In siliceous granite, north shore of Rae Lakes, Mt. Whitney quadrangle. (B) In 
Cathedral Peak granite, Mulkey Meadow, Olancha quadrangle. (C) In Cathedral Peak 
granite, Third Recess, Mt. Goddard quadrangle. 


Figure 10 A shows a fragment of what appears to have been an earlier, more 
basic phase of the enclosing siliceous granite. Within this fragment is a subangular, 
dark inclusion. In the siliceous granite, below the fragment of the earlier phase, 
is a similar dark inclusion, with less definite borders, which appears to have been 
plastically deformed. Dark schlieren, apparently related to this dark mass, con- 
form to the shape of the previously mentioned fragment. Crystals in the schlieren, 
and in the plastically deformed dark inclusion, are larger than those in the dark 
inclusion within the granite fragment. 

In Figure 10 B is a coarse-grained, hook-shaped, dark clot, composed mostly of 
biotite and hornblende, from Cathedral Peak granite. This clot may represent 
one of the typical dark inclusions, intensely recrystallized and plastically deformed. 
If so, it is an intermediate stage between the dark inclusions and certain kinds 
of schlieren. A large feldspar crystal has grown at the upper end of the clot, and 
— schlieren, appearently related to the clot, are arranged concentrically on the 


rig 

slastically deformed, light-gray inclusion in Cathedral Peak granite is shown 
in Figure 10 C. The outline of the inclusion is not sharp, and from it extend 
schlieren that curl around the central mass. These schlieren are darker than the 
inclusion itself, as though dark constituents have been transferred in some way 
from inclusion to schlieren, leaving the inclusion “bleached” and therefore more 
like the surrounding granite. 


Phenomena like those shown in Figure 10 are common throughout the 
granitic rocks and suggest that many schlieren were derived from dark 
inclusions and that many dark inclusions have been incorporated into 
the granites. The majority of schlieren, however, show no apparent 
relation to inclusions and may be segregations of light or dark minerals, 
concentrated partly by differential motion during the plastic stage of the 
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granite. Ernst Cloos (1936, p. 385-386) has shown that these schlieren 
favor zones of intense motion, and it can be demonstrated that differ- 
ential flow will generate contrasting layers or streaks in mixtures of 
unlike sands (Nevin, 1936, p. 193). 


~—_——— Estimated Average 


Ficure 11.—Strikes of the longest dimensions of crystals 


(A) Potash feldspar in Cathedral Peak granite, south shore of Lake Virginia, Mt. Mor- 
rison quadrangle. (B) Potash feldspar in Cathedral Peak granite, Hopkins Creek, Mt. 
Goddard quadrangle. (C) Tabular crystals uf biotite in Cathedral Peak granite, Second 
Recess, Mt. Goddard quadrangle. 


Most schlieren are conformable to the other planar or linear elements of 
parallelism that record the plastic stage of the granites. Disconformable 
schlieren will be discussed among the structures of the transition stage. 


Preferred orientation of minerals——Nearly everywhere in the granitic 
rocks of the Sierra the minerals tend to lie with their longest axes, or 
largest surfaces, in planes or lines. Preferred orientations of the (010) 
faces of feldspar, the basal planes of mica, or the broad sides of en- 
velope-shaped crystals of sphene reveal a planar structure. Within the 
planes so defined, the longest dimensions of hornblende, feldspar, and 
sphene may be parallel and thus reveal a linear structure. The most 
obvious linear parallelism of minerals in granodiorite or quartz monzo- 
nite is indicated by columnar crystals of hornblende; in the siliceous gran- 
ites it is usually shown by quartz anhedra shaped like flattened spindles. 

At some places the departure of many crystals from the preferred 
orientation was confusing, and the preferred direction was therefore 
difficult to determine. In a few such places, the statistical impression, 
gained from brief inspection of large surfaces, was checked by separate 
measurements of the strikes of the longest dimensions of 100 crystals. 
The statistical impression was first recorded, then the 100 measurements 
were plotted into a diagram, like one of those in Figure 11. In every 
case so investigated the estimated direction, or strike, of planar struc- 
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ture lay somewhere between two maxima that were about 20 degrees 
apart. The origin of these maxima is not known, but they recall the two 
directions of fracture cleavage, locally found in the metamorphic rocks 
(Fig. 3). Statistical investigation of the dips of the individual crystals 
was not attempted. 


Combinations of elements—At many places the preferred orientation 
of minerals is the only surviving sign of the oldest structure in the granitic 
rocks, but parallel oriented inclusions are usually present, and conform- 
able schlieren are not rare in most intrusions. Where two or more of 
these kinds of elements occur together, the planar or linear structure 
of the granite may be as definite and as easily mapped as the better- 
known structures of metamorphic or sedimentary rocks. 


Variations in perfection of the structures——The degree of development 
of these oldest granite structures varies both within a given intrusion 
and among the various granitic bodies. 

As a rule, the structures are plainest near the margins of intrusions, 
where they conform to the orientation of the intrusive contact as though 
there the moving granite had, during the plastic stage, been retarded by 
friction along its walls. The orientation of the elements may be perfect 
in prominent zones of motion far within a massif, but it usually is 
weak, and therefore hard to detect, in the centers of intrusions. 

In some of the smaller intrusions, and in most bodies of siliceous 
granite, the oldest structures are faint and therefore difficult to map, 
even near the contacts. Examples of such massifs with weakly developed 
internal structure are the latest granite in the Tungsten Hills, Bishop 
quadrangle, and the granite in the Alabama Hills, Mt. Whitney quad- 
rangle. In some massifs, on the contrary, structures of the plastic stage, 
developed to perfection near the contacts, are very easy to detect, even 
in the central portions. 

TRANSITION STRUCTURES 

Stage of transition—Structural study indicates that the plastic stage 
in granitic rocks was followed by an interval during which adjustment 
to stress was changing from plastic flow to fracture. Motion, continuing 
through the plastic stage into this stage of transition, was recorded by a 
number of features, such as some flexures, schlieren dikes, marginal 
thrusts, and border gneisses and mylonites. Most of these transition 
structures are disconformable to the oldest granite structures. 


Flexures—Many flexures (PI. 8, fig. 1) were probably formed during 
the plastic stage, because the minerals in the folded granite were not 
deformed or broken, and the flexures are in no way related to displace- 
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Ficure 1. Foipep Biorire ScHLIEREN 
In quartz monzonite. Headwaters of McGee Creek, at northern edge of Mt. Goddard quadrangle. 
Looking west. 


Ficure 2. A SCHLIERE 
Showing vague, indefinite contacts with the enclosing granite. Summit of Sentinel Dome, 
Yosemite National Park. Looking south. 


SCHLIEREN 


MAYO, PL. 8 
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Ficure 2. Cross Joints With PEGMATITE 
The fractures traverse dark spindles and hornblende prisms. Pine Creek, Mt. Goddard quadrangle. 


Ficure 1. Cross Joints Fittep With PEGMATITE 
Northern slope of Mt. Morgan, Mt. Goddard quadrangle. The fractures are at right angles to the 
longest axes of spindle-shaped dark inclusions. Looking west. 


Looking north. 


CROSS JOINTS 
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ments along fractures. Other flexures, however, show features transitional 
from plastic flow to fracture. Among these are small flexures in which 
most of the minerals are undeformed, although the flexures themselves 
are plainly related to displacements along shears (Ernst Cloos, 1936, 


4 inches 


Ficure 12.—Flezxures 
Section showing small flexures with slight deformation of horn- 
blende crystals in quartz diorite. Inset is a plan of small fold in 
gabbro. Both from Sacatar Canyon, Kernville quadrangle. 


p. 388). In such eases, plastic flow was obviously associated with, and 
graded into, fracture. Figure 12 illustrates a flexural fabric in which 
there has been a little deformation of minerals. Apparently, adjust- 
ment by plastic flow was becoming difficult when the flexures were made. 
The inset of Figure 12 represents a small fold in gabbro. The mineral 
grains in the gabbro were strongly deformed. This kind of deforma- 
tion seems to indicate approach to the conditions of fracture. It is 
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possible, however, that this deformation took place long after the basic 
rocks had solidified, and that it is thus a record of “solid” rock flowage. 


Disconformable schlieren (schlieren dikes)—Disconformable schlieren 
occur at many places in the granitic rocks. These structural features, as 


Ficure 13.—Schlieren dikes 
(A) Traversing steep primary layers southwest of Cardinal Mountain, Mt. Whitney 
quadrangle. (B) Developed as a primordial fault across nearly flat primary layers. 
Monatchee Meadows, Olancha quadrangle. 


their name implies, traverse the earlier planar or linear flow traces in 
the intrusions (Fig. 13) and have sharper, more definite contacts than 
have the somewhat older conformable schlieren. They indicate, of course, 
that while the granite was still somewhat plastic differential motion was 
established across the path of earlier movement. Locally, schlieren dikes 
are closely related to fractures (Fig. 13 B). 


In the northern part of the Olancha quadrangle, near the southern end of the 
Cathedral Peak granite that is partly shown at the bottom of Plate 1, the oldest, 
steep planar structure of the granite is transected by thin, biotite schlieren that dip 
gently toward the center of the intrusion (Fig. 14). Locally, the oldest structure 
was dragged into the schlieren, as shown in the inset, and in some places the 
schlieren were thrown into small folds, overturned away from the center of the 
intrusion. These features indicate that the schlieren occupy small thrusts of which 
the hanging walls have moved outward, toward the margins of the intrusion. Near 
the contact of the Cathedral Peak granite with an earlier mass of quartz monzonite, 
the number of these schlieren decreases, the schlieren become thinner, and their 
place is taken by many gently dipping fractures having the same orientations as 
the schlieren. Both the schlieren and the fractures are marginal thrusts (Randauf- 
schiebungen) (Ernst Cloos, 1936, p. 388-391) of the Cathedral Peak granite. 


Border gneiss and mylonite—Along the contacts of some intrusions 
with their metamorphosed walls, or with older intrusive masses, the 
structure elements of the younger granite may be not only perfectly 
parallel, but the granite minerals may be themselves crushed and milled, 
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or stretched. Recrystallization of such crushed material has resulted 
locally in marginal gneiss (Hans Cloos, 1928, p. 250) and mylonite (Fig. 
15). The border zones characterized by this kind of deformation vary 


Ficure 14—Gently dipping, disconformable schlieren 


In Cathedral Peak granite on crest of Sierra Nevada north of Carthage Pass, Olancha 
quadrangle. Inset shows relation of schlieren to steeper primary structure. 


in width from a few inches to hundreds of feet. With increasing distance 
inward from the intrusive contact, the border gneiss merges gradually 
into the normal granitic rock. 

FRACTURE STRUCTURES 


Dikes and other fractures—The stage of transition in the granitic 
rocks was followed by a time when adjustments to stress resulted in 
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fracturing that did not grade into plastic flow. The fractures created at 
this time may be tight and barren, or they may be filled with basic, 
lamprophyrelike rock, or with aplite, pegmatite, or quartz. The distribu- 
tion of basic dikes in the various granitic rocks is similar to the distribu- 


Ficure 15.—Crushed and stretched 
granite 


Specimen taken a few feet from the 
intrusive contact, Davis Lake, Mt. Morri- 
son quadrangle. 


tion of the dark inclusions. The basic dikes are more abundant in early 
members of the intrusive sequence and are much less common in the 
later, more siliceous intrusions. The appearance of the various dike ma- 
terials in joints or fissures belonging to many fracture systems is evi- 
dence of the primary origin of these fracture systems. 

The primary fractures in granite may be local in origin and therefore 
related to stresses within the individual intrusions, or they may be parts 
of regional systems, resulting from regional stresses. The regional frac- 
tures will not be discussed here; they are described after the regional 
arrangement of the other structural features. Among the local primary 
fractures are marginal thrusts, surfaces of stretching, “feather” frac- 
tures, and cross joints. 


Marginal thrusts and surfaces of stretching—Marginal thrusts are 
among the earliest-formed structures of the solid stage, because, as pre- 
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viously noted, they locally grade from obvious fractures into structures 
involving plastic flow. Ernst Cloos (1936, p. 388-391) included these 
fractures among the structures of the transition stage. These thrusts 
are reverse faults of small individual displacement that occur in swarms 
in the marginal portions of some intrusions. They dip gently away from 
the intrusive contacts, toward the centers of the intrusions. They may 
traverse the intrusive contact and extend for varying distances into the 
wall rocks. 

Marginal thrusts were found near the southern end of the Cathedral 
Peak granite in the northern part of the Olancha quadrangle (Fig. 14) 
and in quartz monzonite along the eastern contact of the Cathedral 
Peak granite in the northern half of the Mt. Goddard quadrangle. 
These thrusts, followed and filled by pegmatite, are well exposed in the 
walls of Little Lakes Valley (Nevin, 1936, p. 200, 203-204). Ernst 
Cloos (1936, p. 389-391) reported swarms of marginal thrusts in quartz 
monzonite just east of the Cathedral Peak granite at Tuolumne Meadows, 
in the Mt. Lyell quadrangle. It is noteworthy that marginal thrusts tend 
to be especially abundant wherever the Cathedral Peak granite is espe- 
cially broad and in contact with somewhat older quartz monzonite. 

According to Ernst Cloos (1936, p. 390), where the Cathedral Peak 
granite is in direct contact with the metamorphic rocks north-northeast 
of Tuolumne Meadows, surfaces of stretching (flat-lying normal faults) 
take the place of marginal thrusts in the granite. No surfaces of stretching 
were recognized during the present study, although by analogy with the 
condition reported by Ernst Cloos they may occur in the Cathedral 
Peak granite southwest of Mammonth Lakes (PI. 1). 


“Feather” fractures—At many places along the contacts of the in- 
trusions with the metamorphic rocks, joints and aplite dikes dip steeply 
into the intrusions. Some of these fractures crossed the intrusive contact 
and penetrated the metamorphic rocks. The acute angle between the 
intrusive contacts and the dikes or fractures opened downward into the 
intrusions or upward into the metamorphic rocks. 

From their relations to the intrusive contacts, it seems that these frac- 
tures are “feather joints,” (Ernst Cloos, 1932b). Experiments (Ernst 
Cloos, 1932b; Riedel, 1929b; and many others) have shown that the 
motion which opens these tensional fractures was directed into the acute 
angle between the fracture and the shear, fault, or contact with which 
the fracture is associated. Accordingly, the presence of these “feather” 
fractures along intrusive contacts may be taken to mean that, when mar- 
ginal portions of the intrusions were potentially solid, the intrusions were 
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moving upward in relation to their metamorphosed walls. What appear 
to be exceptions to this conclusion will be noted in the discussion of the 
regional arrangement of structural features. 


Cross joints—Wherever a primary linear fiber is plainly developed 
in the granitic rocks, this structure is traversed approximately at right 
angles by fractures that may be barren or filled with quartz or pegmatite 
(Pl. 9). Most of the cross joints seen were flat, or gently dipping, 
because the linear structure was at most places very steep. In the 
vicinity of Little Lakes Valley, in the Mt. Goddard quadrangle, many 
pegmatite-filled cross joints, like those shown in Figure 1 of Plate 9 
were, when the pegmatite was introduced, converted into marginal 
thrusts. According to Ernst Cloos (1935, p. 234; 1936, p. 390) “feather” 
fractures along certain intrusive contacts have likewise been converted 
into marginal thrusts. 


REGIONAL ARRANGEMENT OF STRUCTURAL FEATURES 
SUMMARY OF PRIMARY STRUCTURES 


Plate 1 shows the primary structures, excepting fractures, in the 
interval Mt. Lyell-Mt. Whitney. The eastern limit of data shown is 
approximately the eastern base of the Sierra Nevada. One structure 
profile, extending across the range, is indicated. The turbulent swirls 
in this profile form what is called the Zone of Cross Buckles. 

The outstanding structural feature of the region is a Double Septum 
which extends from the vicinity of Mt. Lyell, nearly to the Alabama 
Hills, 90 miles southeast. The eastern part of this Double Septum 
consists of metasediments; the western part is metavoleanics. These 
two series of metamorphic rocks are in contact in the northern part 
of the Double Septum but elsewhere are separated by long, narrow 
intrusions. The halves of the Double Septum are not uniform in width 
but vary from broad expansions to tenuous, curved constrictions. The 
western strand is widely breached where traversed by the Zone of 
Cross Buckles. 

A few miles northwest of Mt. Lyell appears the southern end of a 
group of nested intrusions, with nearly north-south axis. West of 
these intrusions is a curved, eastwardly convex zone of septum frag- 
ments. This zone crosses the Merced River near the famous Yosemite 
Falls and it divides the granitic rocks into a western (older) and an 
eastern (younger) compound massif (Ernst Cloos, 1936, p. 367-369). 
Near the southeastern corner of the map a large intrusion of Cathedral 
Peak granite composes the lofty mountains around Mt. Whitney. 
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STRUCTURES ASSOCIATED WITH THE DOUBLE SEPTUM 


Expansion of Mt. Lyell—rThe broad, tattered septum expansion, 
southeast of Mt. Lyell, has been discussed by Erwin (1934; 1937) and 
by Mayo (1935, p. 677, 685; 1937, p. 173). This expansion is composed 
mostly of metavoleanic rocks, which are in contact on the east with a 
band of metasediments 3 miles wide. Cleavage and bedding within 
the metamorphic rocks, and all contacts with the surrounding intru- 
sions, dip steeply. The known flow layers and linear structures in the 
adjacent intrusions, likewise, are steep. Thus, no evidence has yet been 
found that this broad area of metamorphic rocks is part of a roof 
that once covered the intrusions. 

The cleavage strikes about N.30W., and narrow intrusions, following 
this cleavage, have split the septum almost in two. This splitting of 
the septum might be expected to occur along the contact of meta- 
sediments with the metavoleanics, but in fact it takes place west of 
this contact, well within the metavoleanic rocks, probably along a 
pronounced shear zone. The southeastward continuation of this sup- 
posed shear zone coincides rather well with the longest dimension of 
the Cathedral Peak granite, southwest of Mammoth Lakes; along the 
northwestward projection of the shear zone, the metamorphic rocks 
open to accommodate a broad, lobate intrusion which, according to 
Erwin (1937, p. 410), forced the septum walls widely apart. The 
western wall, northwest of Mt. Lyell, has been transected, or sharply 
turned, by the previously noted nearly north-south, discordant group of 
nested intrusions. West of the head of Owens River the metasediments 
have been invaded by a small, curved intrusion, convex eastward. 

Overthrusts were directed toward the center of the expansion from 
intrusions on east and west. The largest overthrusts were from the west. 
Cleavage and bedding are overturned away from the thrusts. The 
expansion, therefore, is roughly anticlinal in section. The apex is near 
the eastern border of the septum. 

The expansion ends abruptly on the south. As Erwin (1937, p. 411- 
412) has pointed out, the southern border, which trends N.60-80°E., 
is characterized by broad, blunt endings. Sharp termini are few. A 
structural study along part of this border showed the southeast-trending 
cleavage of the metavolcanics bent abruptly eastward parallel to the 
east-northeast trending contact with diorite and granodiorite. Not only 
was this cleavage so bent, but it was deformed into many small, tight 
crinkles with nearly vertical axes. Primary layers within the granodiorite 
are parallel to the turned cleavage and the intrusive contact, and linear 
elements in the granodiorite coincide in pitch with crinkle axes in the 
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metavoleanics. These linear elements in both granodiorite and schist 
may correspond to the B fabric axes of Sander (1930, p. 151-152). 

The occurrence of structures, such as those found along the southern 
edge of the Expansion of Mt. Lyell, that so abruptly traverse the 
N.30W. regional trend of cleavage, folds, and intrusive contacts, is of 
much theoretical interest. A detailed study of the entire southern 
border of the Expansion of Mt. Lyell, including part of the adjacent 
intrusions, should furnish valuable results. 


Expansion of Mammoth Lakes.——This broad mass of metamorphic 
rocks lies southeast of the village of Mammoth Lakes. Metavolcanics 
in the western third of the expansion are in contact, on west and south- 
west, with Cathedral Peak granite. This contact, with one known ex- 
ception (Fig. 16, Sec. 9), dips steeply westward. The dividing surface 
is paralleled by strongly developed, steep, linear elements in both granite 
and metavoleanics. ‘Feather’ fractures occur locally, with an acute 
angle, between fracture and contact, opening downward into the 
granite. 

Within the metavoleanics, the cleavage, at most places, strikes north- 
westward and dips steeply toward the southwest. It is paralleled, or 
sliced obliquely, by numerous thrusts that likewise dip southwest. 

On the surfaces of cleavage, thrusts, and steep, northwest-trending 
joints, linear elements pitch, with few exceptions, from 1° to 40° SE. 
These lineaments may correspond to B fabric axes and thus attest 
an elongation of the rocks athwart the direction of thrusting, or they 
may record a strong component of shift, by which the southwestern 
sides of planes have moved relatively northwestward. 

From beneath the eastern border of the metavolcanics there emerges 
a long, narrow, blunt-ended intrusion. This mass divides the meta- 
volcanics from metasediments and very nearly splits the septum asunder. 
It does not follow precisely the contact between the two series of meta- 
morphic rocks but traverses this contact at an acute angle. 

Many joints and dikes along the western contact of the intrusion 
dip at moderate angles into the metavoleanics. If these fractures are 
regarded as “feather” fractures, their orientation is the reverse of that 
usually found along intrusive contacts, and this would imply that here 
the wall rock has moved upward in relation to the nearly solid in- 
trusion. Some of the larger, westward-dipping dikes are indicated in 
Sections 14 and 16 of Figure 16. 

The planar and linear parallelism of oldest structure elements within 
this massif is rather feebly developed, even near the contacts. Most 
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of the primary layers and lineaments incline steeply westward, and 
both contacts of the intrusion in general have likewise a steep west- 
ward dip. The entire mass thus appears to “lean” slightly away from 
the metavolceanics with their westward-dipping thrusts. Numerous joints, 
shears, dikes, and minor apophyses dip at moderate angles into the 
intrusion from its eastern margin. These features probably originated 
as “feather” fractures, which by their orientation indicate that the in- 
trusion moved upward in relation to the metasediments (Fig. 16, Secs. 
8-11). At most places, the metasediments dip steeply under the in- 
trusion, and where the massif is widest these wall rocks are overthrust 
on formations with easterly dip (Fig. 16, Secs. 17-24). 

Sections 14 and 15 of Figure 16 show the eastern wall of this in- 
trusion thrust westward. Steep primary layers and lineaments in 
the granodiorite are abruptly transected by gently dipping schlieren 
under the thrust; the overriding metamorphics were intensely brecciated 
for more than 200 feet above the thrust. 

From the eastern border of the expansion, structures are overturned 
westward. Accordingly, like the Expansion of Mt. Lyell, this mass is 
roughly anticlinal in cross section, and here again the apex is nearer 
the eastern border. This apex is followed approximately by a pro- 
nounced northwest-trending shear that dips steeply northeastward. 
Along this shear, a roughly wedge-shaped quartz monzonite mass splits 
into the septum from the southeast. Away from the western border 
of this wedge-shaped mass the metasediments were thrust toward the 
west-northwest (Fig. 16, Secs. 25-30). Farther north the direction 
of thrusting is toward the east-northeast, as previously noted (Secs. 
17-24). This structural “screw,” in all its intricate detail, is majestically 
exposed in lofty, barren mountains. 


Rock Creek Salient and Zone of Cross Buckles—The southeastern 
terminus of the Expansion of Mammoth Lakes, bent sharply eastward, 
continues as a curved zone of thin schist lenses and streamers (Fig. 17). 
The structure described by these remnants of schist is a buckle, convex 
eastward. Outside of this buckle, diorite lenses, xenoliths, and min- 
erals in the granitic rocks define by their orientations a broader curve 
This outer curve marks approximately the base of the present mountains, 
so there results here in the Sierra Nevada front a great bulge called 
Rock Creek Salient (Mayo, 1937, p. 172). Within the schist arc, pri- 
mary structures in the granodiorite are roughly molded to the shape of 
the curve. Many marginal thrusts, that moved northward or eastward, 
appear in the mountain front that follows the outermost curve. The 
linear elements, in general, pitch toward the center of curvature. 
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Figure 17.—Structural map of Rock Creek Salient 


Prevailing granitic rocks are quartz monzonite and granodiorite. Porphyritic rock is Cathedral 
Peak granite. 


The core of this structure, as shown in Figure 17, is Cathedral Peak 
granite. The orientations of flow layers within this granite reproduce 
on a smaller scale the shape of the schist are. 

Shown near the southern margin of Figure 17 are complicated swirls 
in granodiorite that involve twisted diorite remnants. Westward, these 
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remnants appear to have been sheared into the Cathedral Peak 
granite. 

On Plate 1, Rock Creek Salient appears as the easternmost are in 
the Zone of Cross Buckles. Southwestward are similarly curved trains 
of septum remnants, defining other eastward buckles. The zone, in 
which these structures are displayed, lying athwart the Sierra Nevada, 
appears to be a great kink or twist in the northwest regional grain. 
This kink is a transverse structure of great importance. Future work 
should broaden the strip in which the Zone of Cross Buckles is now 
only partially revealed. 


Cathedral Peak granite——The intrusion of Cathedral Peak granite, 
southwest of Mammoth Lakes, follows in general the northwest regional 
grain, but some significant deviations are superposed upon its general 
trend. 

Where this granite traverses the Zone of Cross Buckles, the eastern 
contact bulges remarkably so that, as shown in Figure 17, the granite 
protrudes into Rock Creek Salient. Obviously, northeastward enlarge- 
ment of the intrusion was especially favored at this crossing of north- 
east and northwest structures. The curved eastern contact is, at most 
places, gradational and is followed in the adjoining quartz monzonite 
by a fringe of marginal thrusts and disconformable schlieren that dip 
gently toward and into the granite. 

The steep western contact traverses the Zone of Cross Buckles with- 
out deviation, is sharp, and transects abruptly the primary layers of 
the adjacent quartz monzonite. The flow layers within the granite, 
on the contrary, conform to the attitude of the contact. On this western 
side of the intrusion, marginal thrusts are few. 

The northern part of the granite crosses the eastward projection of 
the N.60-80E. structures that limit the Expansion of Mt. Lyell on the 
south. At this crossing, again, the intrusion plainly broadens. Most 
primary layers in this part of the granite conform to the shape of the 
intrusion. Locally, however, the phenocrysts are arranged in layers that 
strike east-northeast. This condition may result from flowage fold- 
ing during the plastic stage of the granite, or these layers may be relics 
in the granite of the structures that bound the Expansion of Mt. Lyell 
on the south. 

The extreme northern and southern tips of the massif strike roughly 
north-south. The northern tip, in following the nearly north-south di- 
rection, locally traversed the northwest-trending cleavage in the meta- 
voleanic wall rocks. 
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Segment of Mt. Goddard.—This western half of the Double Septum, 
south of the Zone of Cross Buckles, is 40 miles long and averages 2 
miles in width. It is a strong, simple, northwest element, composed of 
dark-gray metavoleanics. Only two striking anomalies mar its plain 
outline: the sharp eastward turn at the intersection with the Zone of 
Cross Buckles, and the north-trending prong near Muir Pass, 4 miles 
east of Mt. Goddard. 

The internal structure of this part of the Double Septum is known 
at a few places only. It appears that the cleavage, with the exception 
of local buckles, follows the northwest trend. This cleavage dips, in 
general, southwestward and is locally sliced or paralleled by steep 
upthrusts, like the thrusts in the metavoleanics of the Expansion of 
Mammoth Lakes. Linear streaks, pitching gently southward, occur 
locally on the cleavage planes. In the zones of strongest shift, or 
thrust, the metavolcanics have so intensely recrystallized that they re- 
semble extremely well foliated quartz diorite or granodiorite. 


Zone of Granodiorite between halves of the Double Septum.—Extend- 
ing southeastward between halves of the Double Septum, from the Zone 
of Cross Buckles, is a complex, elongate mass of intrusions, into which 
projects from the northwest the southeastern end of the Cathedral 
Peak granite. The prevailing rock in this intrusive complex is quartz 
monzonite or granodiorite. The latest intrusions here, as elsewhere in 
the Sierra Nevada, are siliceous granite, and the forerunners are horn- 
blende diorite. This complex is 38 miles long and averages 7 miles in 
width. It tapers southeastward as the halves of the Double Septum 
approach. This zone of intrusions, like the Segment of Mt. Goddard, 
trends northwest and deviates at one place only. 

The north-trending prong of metavoleanics east of Mt. Goddard is 
continued into the intrusions as a trail of schist lenses and closely 
packed, basic inclusions. This trail turns sharply eastward and is con- 
tinued across the intrusions by the orientation of primary layers in 
the granitic rocks. Before reaching the eastern half of the Double 
Septum, schist lenses and many basic enclosures again appear, and 
the strike turns again northward to meet at a tangent the eastern 
half of the Double Septum. This structure, indicated on Plate 1 as 
the Connecting Link, divides the northwest-trending zone of intrusions 
into northern and southern parts. These parts are joined, just south 
of the Connecting Link, by a segment of the zone of intrusions that 
trends north-south. This middle segment thus behaves like the northern 
and southern tips of the Cathedral Peak granite southwest of Mammoth 
Lakes. 
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Two sections across this zone of intrusions are shown in Figure 18. 
The structure revealed in the northern section is complicated. Steep flow 
layers, conformable to the eastern and western intrusive contacts, dip 
southwestward. In the central portions of this section, these layers 
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Ficure 18.—<Sections across the Zone of Granodiorite 
Upper section is north of Connecting Link; lower section south of it. 


dip more gently and define broad flexures, overturned northeastward. 
Irregular masses of diorite occur in and near the cores of some of these 
flexures. These masses of diorite are impressively exposed in lofty cliffs 
on the eastern slope of the Evolution Range, west of Lake Sabrina, in 
the Mt. Goddard quadrangle. It appears as though a huge old massif 
of diorite had been broken up by later, more siliceous intrusions. 

At some places, gently dipping primary layers in the quartz monzo- 
nite are paralleled by flat, platelike bodies, or slabs, of diorite. At 
other places, where the primary layers are steep, the gently dipping plates 
of diorite are disconformable. These diorite slabs range from plates 
a few tens of feet across and a few feet thick to flat sheets more 
than 1000 feet across and perhaps 50 feet thick. Many of these 
tabular bodies of diorite are exposed in the cliffs on the northern face 
of the Glacier Divide near the center of Mt. Goddard quadrangle. 

The origin of these tabular diorite masses is a problem that may 
require much detailed study for its solution. Investigation of some of 
the smaller plates showed that along both upper and lower surfaces the 
diorite was foliated, and this foliation was thrown into small folds over- 
turned toward the northeast. This suggests that the flat diorites occupy 
thrust surfaces that have carried motion toward the northeast, the 
direction toward which the other structures in this section are overturned. 
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South of the Connecting Link, the oldest structures in the granitic 
rocks define a steep-sided anticline, with apex along the middle fork 
of Kings River (Fig. 18, lower section). East of the river, the steep 
primary layers are traversed by diorite slabs that dip gently south- 
westward. Although these tabular masses have not been closely ex- 
amined, it is thought that they occupy thrusts. At the eastern contact, 
the diorite and gabbro complex of the Palisades arches over the zone 
of later, more siliceous intrusions. 


Eastern half of the Double Septum south of Rock Creek Salient— 
Traced southeastward from Rock Creek Salient, the thin, tattered zone 
of dark schists, which makes the framework of the salient, gradually 
broadens until, west of the Tungsten Hills, it reaches a maximum width 
of 2 miles. At this broadest portion the internal structure suggests a 
series of drag folds (Pl. 1). Farther south, where the septum is again 
very narrow, it is disposed in serpentlike loops that, in connection 
with steep local dips, suggest folding around steep axes. One of these 
loops partially encircles, like a collar, the nearly 14,000-foot horn of 
Mt. Humphreys, west-southwest of Bishop. 

The western contact of this septum dips 60°-80° westward. The 
eastern contact inclines likewise westward. Cleavage and the remnants 
of bedding within the septum usually conform to the attitudes of the 
contacts. Thus the entire septum structure here is isoclinal and “leans” 
outward, or eastward. In conformity with this pattern, schist lenses 
and other planar structures in the granite east of the serpentlike loops 
dip westward. Near the septum this dip is steep, but a few thousand 
feet farther east the angle of dip is as low as 30 degrees. 


Coyote Salient—Coyote Salient is a broad, buttresslike projection 
of the Sierra Nevada front between the southern end of the Poverty 
Hills and the northern edge of the Tungsten Hills. West of the Tung- 
sten Hills, this salient is separated from the main mass of the Sierra 
Nevada by a north-south troughlike valley. Southeast of 37°15’N., 
118°35’W., in the Mt. Goddard quadrangle, the much tattered eastern 
half of the Double Septum forms the western border of the salient. 

In the Tungsten Hills, which are composed mostly of quartz mon- 
zonite and granite, dips of planar structures frequently reverse. Locally, 
gentle dips mark the upper parts of flexures, or domes; yet, along the 
northern and eastern margins of these hills, dips are usually toward 
the Sierra Nevada. Many lenses and irregular masses of schist and 
crystalline limestone occur in and along the outer margins of these 
hills. The rocks that make up these remnants were intensely folded 
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either before or during the emplacement of the intrusions. The tung- 
sten deposits in altered phases of the crystalline limestones in these 
remnants were described by Knopf (1917), by Hess and Larsen (1921), 
and one of them by Chapman (1937). 


Ficure 19.—Sections across the northern part of Coyote Salient 


The eastern half of the Double Septum meets Coyote Salient at the 
southeastern end of the schist streamer that forms the serpentlike curves. 
Here this septum broadens abruptly toward the northeast into two lobate 
masses. The western one is small and simple in outline; the eastern 
one is large and irregular. The two lobes are separated by a deep, 
north-south indentation. 

Along the southwestern margin of these expansions, and therefore on 
the southeastward projection of the thin septum that forms the serpent- 
like curves, is a narrow zone, characterized by very steep southwest 
dips. This prolongation of the thin septum is like a narrow, deeply 
penetrating root (Pl. 10, fig. 1) from which the lobate masses spread. 
As shown in Section 2 of Figure 19, with increasing distance eastward 
from the root zone the dips usually become more gentle. At some places 
along the northern and eastern borders of the lobes gently dipping, 
overturned structures emerge (PI. 10, figs. 2, 3). 

The idea of a single steep root zone, from which the structure spreads 
and flattens northward and eastward, applies well to the smaller and 
simpler of these two lobes, but it does not satisfy all the conditions 
in the larger lobe. A second belt of steep dips suggests the presence of 
a nearly vertical, northeast-trending keel, or root, that coincides with 
the long axis of the irregular eastern lobe. Section 1 of Figure 19 slices 
obliquely this keel just east of Lookout Mountain. The southwestward 
projection of this keel coincides approximately with the Connecting 
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Ficure 1. Root Zone 
On middle fork of Bishop Creek. This nar- 
row septum with steep dips opens upward 
and outward toward the left (northeast) 
into structures resembling those shown in 
Figures 2 and 3. 
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Ficure 2. Spreapinc Lose 
GENTLE Dips 
On eastern side of Coyote Ridge, Mt. God- 
dard quadrangle. Nearly flat bedding in 
crystalline limestone (light gray) is traversed 
obliquely by masses of quartz diorite 
(dark gray). 


Ficure 3. OvERTURNED FoLps CrysTALLINE LIMESTONE 
On eastern side of Coyote Ridge, Mt. Goddard quadrangle. Quartz diorite injections are 
parallel to the axial planes of the folds. 


ROOT ZONE AND FLAT STRUCTURES 


> 
e 
| 


BULL. GEOL. SOC. AM., VOL. 52 MAYO, PL. 11 


Ficure 1. GRANITE FENSTER 


Under dark schists on Cardinal Mountain (in foreground). In background, folds on Split Mountain 
are overturned sharply eastward. Masses of light-gray, granitic rock occupy the 
axial regions of the larger folds. Looking north. 


Ficure 2. Drac Foitps ABovE GRANITE 
On southern face of Split Mountain, seen from Cardinal Mountain. A floor of dark schist separates 
the main mass of diorite from the underlying light-gray granite. Recumbent folds in this dark 
schist are overturned eastward. Looking north. 


OVERTHRUST STRUCTURES 
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Link, which bridges the zone of intrusions between halves of the Double 
Septum. This bridge and the keel of metamorphosed sediments seem 
to constitute an important northeast-trending structure. Perhaps future 
work in this region will reveal such transverse structures more clearly. 

The pattern of this complicated part of the septum may now be re- 
defined as follows: There are two steep root zones, one trending north- 
west, the other northeast. The smaller and simpler of the two septum 
lobes flattens (is overthrust?) away from the acute angle formed by 
the intersection of these two zones of steep dips. The large, irregular 
expansion occupies part of the zone of northeast structures and may 
be a remnant of a belt of northeast-trending folds that pitched steeply 
southwest. In the obtuse angle formed by this intersection, as shown 
on Plate 1, masses of diorite are involved with twisted remnants of 
metasediments. Along the eastern border of this complex are the ap- 
parently overthrust structures shown in Figures 2 and 3 of Plate 10. 
Section 2 of Figure 19 traverses this structure in Coyote Ridge. 

Overthrusts, associated with other unusually intense deformation, seem 
to be characteristic of structural intersections (Billingsley and Locke, 
1933; 1939). 

South of the septum expansions just discussed, the elongate diorite- 
gabbro massif of the Palisades follows the Sierra Nevada crest for 10 
miles. The northern end of this basic complex is directly west of the 
village of Big Pine; the southern end is west of the Poverty Hills. The 
Palisades are one of the two mountain groups in the entire Sierra 
Nevada that have summits exceeding 14,000 feet in altitude. As sug- 
gested in Figure 20, these lofty peaks are extremely rugged. Exposures, 
in three dimensions, are practically perfect but are very difficult to 
reach. 

This basic massif contains, in addition to diorite, gabbro, and other 
basic rocks, strips of granodiorite, quartz monzonite, and granite, to- 
gether with many lenses and folded streamers of schist. The structure 
of some of these wisps of schist, modified of course by intersection with 
a rugged surface, is indicated in Figure 20. No doubt these lenses and 
streamers are remnants of the eastern half of the Double Septum, for 
the Palisades complex occupies a breach in the septum. At the southern 
end of the Palisades the septum, divided, sends off an east-northeast- 
trending streamer toward the Poverty Hills. 

In cross sections (Fig. 21) the Palisades complex is like a wedge with 
apex down. The borders of this wedge locally appear to have been 
thrust outward over granitic intrusions to east and west, but the domi- 
nant effect is overturning toward the east. This overturn is especially 
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clear at Split Mountain (Fig. 21, Sec. 5) and in Cardinal Mountain 
(Sec. 6) just beyond the southern end of the Palisades. The structure 
exposed in the cliffs on the southern side of Split Mountain is shown 
in Plate 11. In these cliffs, the distinction between streamers of dark 
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Ficure 20—The Palisades from Mather Pass, Bishop Quadrangle 


Folded schist remnants are visible in dark, diorite-gabbro complex. Light-colored rock 
in foreground is quartz monzonite. Lesser body of diorite, detached from the main mass, 
appears near left-hand edge of figure. Contacts between light- and dark-colored rocks 
dip 20-50°E. (From a field sketch.) 


schist and the surrounding diorite is not always certain, and the two 
rocks have obviously folded together. 

The structure of the eastern part of Coyote Salient is shown in plan 
on Plate 1 and in section in Figures 19 and 21. In Figure 19 it is evi- 
dent that structures in the granite in the eastern part of the salient are 
overturned slightly toward the east. That this condition is less con- 
spicuous in the eastern part of the salient farther south is shown in 
Figure 21. In the Poverty Hills, as indicated on Plate 1, most of the 
dips are toward the east, and at the northern end of these hills the 
structure is strongly overturned toward the west. 


Kearsarge Lane.—About 15 miles northwest of Independence, the two 
halves of the Double Septum converge. A structural map of this area 
of convergence, herein called Kearsarge Lane, is shown in Figure 22. 
In the northwestern corner of this map appear curved flow layers in 
granodiorite at the southern end of the zone of intrusions that separates 
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the halves of the Double Septum. Structures in the metasediments 
southeast of Taboose Pass conform roughly to these curves. Southward, 
all structures of both intrusive rocks and schists are constricted into 
narrow straits. Where this constriction occurs, masses of schist and 
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Ficure 21.—Sections across the southern part of Coyote Salient 
Black objects in Temple Crag are large inclusions, darker than surrounding diorite. The fold symbols 
in Split Mountain indicate schist streamers that were folded in the diorite. 


of diorite in cross section take the forms of wedges with apices down- 
ward. The borders of these wedges are overthrust to west and east, 
so that they are similar structurally to the Palisades massif in miniature. 
Locally, diorite wedges have moved along gently dipping thrusts that 
cut neatly across steep structures in granite. Figure 23 illustrates such 
a case, seen at the head of Woods Creek, about 2 miles northwest of 


Sawmill Pass. 


The contact, between diorite and granite, illustrated in Figure 23, dips eastward 
at less than 10 degrees. No schistosity is developed in either rock parallel to the 
contact, but the structure revealed by the parallel orientations of minerals in the 
diorite is dragged somewhat, as shown. Just under the diorite, and in sharp con- 
tact with it, is a pegmatite seam about four inches thick. The lower contact of 
this pegmatite with the underlying granite is also sharp and shows a little evidence 
of shearing. Beneath, and following, this contact is a schlierenlike layer, from 1 to 
6 inches thick, composed essentially of hornblende and biotite. The orientations 
of these minerals do not define simple layers, but the crystals are arranged in pat- 
terns that suggest drag folds and various other eddylike structures, not all shown 
in the inset of Figure 23. For some inches above and below this dark layer, the 
structure of the granite is obscure. Below this zone with obscure structure, the 
primary structure of the granite dips eastward about 70 degrees. Apparently the 
solid diorite was thrust westward across the granite; and, because neither granite 
nor diorite shows much evidence of strain a few feet from the contact, it seems 
that this surface of motion was well lubricated, possibly by a melt that crystallized 
to form the pegmatite. 
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Schists of Volcanic 
Origin 
Mete-Sediments 


Diorite and Gabbro 


Figure 22.—Structural map of Kearsarge Lane 


South of this constricted place, and northwest of Sawmill Pass, the 
lane opens. Here some of the many thin septa, characteristic of Kear- 
sarge Lane, are curled or bent as though their northern ends had been 
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pulled southeastward to allow insertion of many small, sickle-shaped 
intrusions. The tumbled arrangement of primary layers in the grano- 
diorite is shown just west of Sawmill Pass. North of this pass, a septum 
of metasediments is crumpled into many draglike folds. Farther south- 
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Ficure 23.—Diorite thrust over granite 
On trail to Pinchot Pass, near head of Woods Creek, Mt. Whitney quadrangle. 


ward, all these complicated structures converge toward a large, heart- 
shaped mass of metavoleanics. The metasediments, however, continue 
southeastward into a huge body of basic rocks (plutonic complex, Knopf, 
1918, p. 70-71) exposed in lofty cliffs along the escarpment of the Sierra 
Nevada. 

Just north of Kearsarge Pass, the lane is bordered by an east-west 
zone of diorite, which, instead of being a fairly simple elongate mass, 
as might be inferred from the map, is composed of many large irregular 
bodies and roughly tabular, southward-dipping slabs, all separated by 
a network of lighter-colored granitic rock. Minor drag folds in foliated 
phases of the diorite indicate that the higher diorite slabs were pushed 
northward over the lower ones. Locally, as along the headwaters of 
Independence Creek, areas of this diorite, several acres in extent, were 
reduced to swarms in which the fragments, from a few inches to several 
feet across, now “float” in a cement of siliceous granite. 

Both planar and linear structures are exceptionally well developed in 
Kearsarge Lane. All intrusive rocks, except the very youngest aplites, 
are intensely foliated and stretched. The deformation of the individual 
mineral grains indicates that motion in these rocks continued beyond 
the plastic stage into the stage of transition, or the solid stage. 


Alabama Hills—The metavoleanie rocks of the Double Septum, last 
noted in Kearsarge Lane, are again exposed in a small area at the foot 
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of the Sierra Nevada on Independence Creek, and a large mass of them 
appears along the eastern border of the Alabama Hills. Cleavage in 
the metatuffs, and primary flow structures in lava members of these 
Alabama Hills rocks, dip steeply westward under a large intrusion of 
siliceous granite. 


2B Schist 77) Quartz Monzonite & Granodiorite EE9 Cathedral Peak Granite. [=ZSiliceous Granite of Alaboma Hills. 


Ficure 24—Sections across the Alabama Hills and Sierra Nevada crest 


In the quartz monzonite and granodiorite near the base of Sierra Nevada lenses of diorite 
are indicated by the symbol previously used for diorite. In Section 1 the two bent black 
wedges are schist. 


The siliceous granite is an even-grained, light-colored rock, in which 
structures of the plastic stage are indistinct. The primary layers can 
be recognized with difficulty, and a linear parallelism was detected at a 
few places only. Near the contact with the metavolcanics, the flow lay- 
ers in the granite, conforming to the contact, dip westward. Farther 
west, however, as shown in Figure 24, this dip locally reverses. 


Sierra Nevada front near Mt. Whitney.—West of the Alabama Hills, 
the lower part of the Sierra Nevada escarpment is composed of quartz 
monzonite and granodiorite with many small lenses and streamers of 
diorite and black schist. These diorite and schist remnants are the south- 
ward continuations of similar rocks found in and near Kearsarge Lane 
(Pl. 1). Although the schist is so intensely recrystallized that all traces 
of its sedimentary or volcanic origin have been obscured, these dark 
lenses are assumed, on the basis of structural alignment with known 
voleanic rocks farther north, to be remnants of the metavoleanics. The 
quartz monzonite and granodiorite, together with these inclusions of 
diorite and black schist, form a mantle, or border, to a great intrusion 
of Cathedral Peak granite situated deeper within the mountains. 

The structure of these mantle rocks is generalized on Plate 1 and in 
Figure 24. The primary planar and linear -parallelism in the granitic 
rocks is very striking and is well exposed in the many canyons that 
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furrow this part of the Sierra Nevada escarpment. The most accessible 
of these exposures are along the auto road in Lone Pine Canyon. 

As far as is now known, the Cathedral Peak granite around Mt. 
Whitney shows no unusual structural features. Only the marginal por- 
tion of this intrusion has been studied, and the extreme ruggedness of 
this area precludes doing detailed work in a short time. At most places 
where measurements of the primary structure were obtained, the flow 
layers are nearly vertical but tend to dip westward (Fig. 24). A few 
easterly dips were found, and these are indicated on the map. The linear 
parallelism very nearly coincides with the dips of the flow layers, and 
structures in the mantle rocks appear to conform to the outline of the 
Cathedral Peak granite (PI. 1). 


DIRECTIONS IN THE REGIONAL FRAMEWORK 


The structures shown on Plate 1 form a very complicated pattern, 
but from this pattern emerges a comparatively simple framework, re- 
vealed by structural features that follow a few prominent directions. 

The northwest, or Pacific Coast direction, followed by the Double 
Septum, and by many other structures, is too obvious to require dis- 
cussion. This direction is of first importance in the Sierra Nevada 
framework. 

Traversing the Pacific Coast direction approximately at right angles 
is a northeasterly “cross grain.” This “grain” determines the southern 
edge of the Expansion of Mt. Lyell and is followed by the Zone of Cross 
Buckles, by the Connecting Link and its northeasterly prolongation in 
the neighboring lobe of schist, by the northeast-trending septum just 
west of Big Pine, the east-northeast septum that bounds the Palisades 
massif on the southeast, and by other, apparently minor features. This 
northeast direction appears to be second in importance to the Pacific 
Coast direction in the Sierra Nevada framework. 

North-south structures (N.-S. to N.30E.) are locally conspicuous. 
Among these may be noted again the axis of the intrusive complex north- 
west of Mt. Lyell, the northern and southern tips of the Cathedral Peak 
granite near Mammoth Lakes, the eastern edge of the schist arc at Rock 
Creek Salient, and the schist prong east of Mt. Goddard. Other examples 
can be found on Plate 1. 

A fourth direction, N. 60° W. to E.-W., is also apparent; it slices across 
the Pacific Coast direction at an acute angle and lies at right angles to the 
nearly north-south direction. Locally, the influence of this west-north- 
west direction on the structural pattern can be traced for many miles. 


For example, schist lenses and the axes of folds along the northeastern margin 
of Coyote Salient (Pl. 1) line up with the breach in the eastern half of the Double 
Septum 6 miles west of the “T” in Tungsten Hills. Beyond this breach, a twisted 


i 
4 


| 
| 
f 
i 
| 
| 


1050 E. B. MAYO—MT. LYELL-MT. WHITNEY, CALIFORNIA 


diorite streamer leads to a place where the diorite was sheared into the Cathedral 
Peak granite. This direction, followed still farther, coincides with the narrow, con- 
stricted part of the Cathedral Peak granite. 

Another example may be followed southeastward from the last “S” in Zone of 
Cross Buckles across the southeastern part of the Cathedral Peak granite, through 
the serpentlike loop that encloses the figure 60, past the northeastern end of the 
ragged schist lobe near the figure 84, and on toward Big Pine through buckled flow 
layers and west-northwest-trending schist lenses. 

Again, a zone of west-northwest structures may extend from near the word “Cross” 
in Zone of Cross Buckles, through the little-known schist remnant south of “Mt” 
in Mt. Goddard, to the nearly east-west-trending diorite streamer south of Kearsarge 
Lane. The intersection of west-northwest and Pacific Coast directions may have 
determined the southeastward wedging out of the near-by broad, heart-shaped mass 
of metavolcanics. 

Probably not enough data are yet at hand to make certain whether 
these are the only directions of importance in the regional framework. 
The four directions so far recognized in the area shown on Plate 1, 
however, have also been found throughout vast regions in the Sierra 
Nevada and neighboring parts of the Great Basin. The criss-cross 
framework defined by them is primary, because it is revealed in the 
oldest structures of the crystalline rocks. It should determine the pat- 


terns of all younger structures. 


STEEP PRIMARY FRACTURES 


The data.—The multitude of joints in the rocks of the Sierra Nevada 
is bewildering. An exhaustive study of these fractures would be a tre- 
mendous undertaking. In order to gain an idea of the regional pattern 
of primary fractures, it seemed best to plot on the map only those joints 
and dikes that dipped 60 degrees or steeper. This procedure eliminated 
certain kinds of primary local fractures, such as most cross joints and 
all marginal thrusts; it also eliminated all gently dipping fractures that 
might have been formed near the surface because of erosional unloading. 
The steep fractures are locally followed by basic dikes, by dikes of 
aplite and pegmatite, and, rarely, even by schlieren dikes. These frac- 
tures, therefore, seem to be only slightly younger than the granitic rocks 
which they traverse. 

In spite of the elimination of an enormous number of primary local 
joints and dikes, and a still greater number of joints of late and shallow 
origin, the resulting fracture pattern was far from simple. When thou- 
sands of measurements of steep joints were plotted, the results seemed, 
at first, an orderless maze. These measurements are plotted, in gen- 
eralized form, on Plate 2. Much of the apparent confusion results from 
the fact that many steep fractures are local elements, related in strike 
and dip to the local arrangement of flow layers or contacts, whereas 
many others belong to regional systems that disregard, or are only 
slightly deflected by, the local structure. 
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Local curves in joint pattern—The tendency of the joint trends to 
outline arcs that coincide with curves in the pattern of oldest structures 
seems at some places to be very rough. For example, the curves in the 
flow structure near the southwestern end of the Zone of Cross Buckles 
and in the Illilouette Basin (15 miles southwest of Mt. Lyell) are only 
roughly reflected in the pattern of steep joints. Exposures at these places, 
however, are only moderately good as compared with exposures farther 
east and higher in the mountains; and it is therefore probable that, 
where the trends of joints appear to correspond very roughly to curves 
in the flow structure, the number of joint measurements was too small. 

On the other hand, where ares occur in the primary structure on or 
near the eastern front of the range, the well-exposed joints obviously 
outline these curves. Examples are at Rock Creek Salient, in the east- 
wardly convex curve about 12 miles west-southwest of Rock Creek 
Salient, and along the eastern and northern borders of Coyote Salient 
(Pl. 2). At these places, also, some of the steep joints are everywhere 
at right angles to the curved structure. As a result, wherever curves are 
developed, steep joints radiate from the foci of the curves. 

Usually, the individual joints that make up a curved pattern are 
straight. Small differences in the strikes of the individual fractures 
accommodate these joints to the curves. Locally, however, definite curves 
can be seen in individual joint planes. A good place to observe this 
phenomenon is Granite Park, at the head of the South Fork of Pine 
Creek, Mt. Goddard quadrangle. 


Regional directions in joint pattern —The arrangement of steep joints 
in curves that coincide with curves in the pattern of oldest structures 
is evidence that the primary fractures are controlled in their arrange- 
ment by certain details in the still older structural pattern. Accordingly, 
one would expect to find many of the primary joints oriented to the 
four principal directions of the regional framework. 

The northwest, or Pacific Coast, direction in the regional framework 
is followed nearly everywhere by joints and dikes, and occasionally by 
shear zones. The joints are straight, smooth-surfaced fractures; indi- 
vidual ones are usually traceable for hundreds of feet. The spacing of 
these fractures is irregular. Locally, the joints may be several tens of 
feet apart, but it is common to find zones in which the fractures are sep- 
arated by a few inches only. Such zones are usually followed by 
trenches or defiles. 

At many places the northwest joints profoundly influence the topog- 
raphy. For example, in the Mt. Whitney quadrangle, the valley at 
the head of Bubbs Creek and the valley of the South Fork of Woods 
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Creek follow northwest fractures. Similarly, in the Mt. Goddard quad- 
rangle, many canyons, such as First and Second Recesses, and God- 
dard Canyon, trend northwestward. Additional examples occur in neigh- 
boring quadrangles. Throughout the area, the sculpturing of many a 
bold peak and sharp ridge has been partly controlled by the orientations 
and spacings of northwest joints. 

Northeast joints appear to be the most persistent and abundant re- 
gional fractures in the Sierra Nevada. In the interval Mt. Lyell-Mt. 
Whitney, they follow the zone of Cross Buckles, border the expansions 
of Mt. Lyell and Mammoth Lakes on the southeast, follow eastward the 
lobate septum expansions north of the Palisades, and accompany the 
eastward-projecting schist prongs near Big Pine (Pl. 2). Although 
the northeast joints are especially abundant where such “cross grain” 
appears in the primary structure, they are not restricted to such places. 
At few localities in the area mapped were they lacking. 

The northeast joints are followed by many of the master streams 
that drain the western slope of the Sierra Nevada and by most of the 
canyons that furrow its eastern scarp. Along the crest of the range, 
as shown in Figure 1 of Plate 12, swarms of northeast joints are re- 
sponsible for jagged irregularities in the skylines of northwest-trending 
ridges. Erwin (1934, p. 56) has called attention to the role of north- 
east joints in the fantastic sculpturing of the Minarets, south of Mt. 
Lyell. These fractures are frequently followed by basic dikes, as well 
as by dikes of aplite and pegmatite. All these features, of course, are 
oriented nearly at right angles to the northwest joints. 

Joints that vary in direction from north-south to N.20E. are wide- 
spread but are only locally abundant. Where most abundant, the north- 
south fractures are closely spaced (PI. 12, fig. 2). The individual joints 
may be several hundred feet long or they may be gashes only a few 
inches in length. 

Four swarms of north-south fractures are especially prominent in the 
region. One of these is parallel to the axis of the nested intrusions at 
Tuolumne Meadows (Ernst Cloos, 1936, p. 411), and the many north- 
seuth joints mapped farther southwest, in the Illilouette Basin, may be- 
long to this swarm. A second swarm occurs a few miles west of Mam- 
moth Lakes, on the Middle Fork of San Joaquin River. This is where 
the northwestern end of the Cathedral Peak granite turns northward. 
Rock Creek Salient is the third place where north-south fractures are 
abundant. Trending southward, these joints eventually impinge upon, 
and possibly cross, the Segment of Mt. Goddard. A fourth swarm of 
north-south fractures is noticeable in the western part of the Tungsten 
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Ficure 1. Nortueast Joints tv GRANITE 
Near Bighorn Lake, Mt. Goddard quadrangle. Granite ridge, traversed by the northeast joints, 
follows the northwest joints. Looking northeast. 


Ficure 2. Dera, or Nortu-SoutHu FRACTURES 
In Third Recess, Mt. Goddard quadrangle. These joints are part of a swarm of closely spaced 
fractures that strikes about N.20E. and is followed by a glaciated valley. Looking southward. 
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Ficune 1. Late PLeistocene Cinper Cone ON INTERSECTION OF FAULTS 
Red Mountain, near Big Pine. Broken lines mark the fault traces. Sierra Nevada in back- 
ground. Looking southwest. 


Ficure 2. Late PLe1stocENE CinpER Cones ALIGNED To A NorTHEAST FAULT 
On Goodale Creek, at base of Sierra Nevada, in Mt. Whitney quadrangle. The fault trace, at 
base of cinder cones, was thrown into sharp relief by a light coating of snow. Looking east. 
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Ficure 3. GRANITE SLABs IN BASALT 
In early Pleistocene basaltic plug near western edge of the Tungsten Hills. 


PLEISTOCENE VOLCANOES 
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Hills; it trends southward parallel to the valley of the South Fork of 
Bishop Creek and seems to be in some way responsible for the deep 
indentation between the two septum lobes north of the Palisades. Many 
other north-south fractures occur along the Sierra Nevada escarpment 
south of Bishop, and it is an interesting coincidence that the general 
trend of the Sierra Nevada scarp between Bishop and Mt. Whitney 
begins to approach the north-south direction. 

As shown on Plate 2, the northwest joints are at many places trav- 
ersed obliquely by fractures that strike west-northwest. Many of 
these fractures lie at right angles to the nearly north-south joints north 
of Mt. Lyell. A second zone of them extends from the vicinity of Bishop, 
past the southwestern borders of the expansions of Mammoth Lakes and 
Mt. Lyell, into the Illilouette Basin, south of the Merced River. Farther 
southward, still other zones of west-northwest joints have been partially 
outlined by the joint measurements now at hand. These joints, in com- 
mon with the other steep fractures shown on Plate 2, are frequently fol- 
lowed by basic or aplitic and pegmatitic dikes. 

Obviously, the main features of the original structural framework of 
this part of the Sierra Nevada were reflected in the pattern of steep, 
primary fractures. This ancient framework of bedding, cleavage, con- 
tacts, flow structures, and steep, primary joints, inherited from the Ne- 
vadan, and perhaps from older orogenies, was handed down through time 
and should have influenced the patterns of later adjustments. 


MOVEMENT 
UPWARD MOTION 


Upward motion in septa—Upward motion, or elongation in the meta- 
morphic rocks, is indicated by the presence of isoclinal folds with axial 
planes nearly vertical. For example, the folds shown in Figure 1 of 
Plate 6 give the impression that the metamorphic rocks were squeezed 
nearly vertically upward. In harmony with this is the presence, parallel 
to steep cleavage, of many small upthrusts and of larger upthrusts along 
steep contacts between strong and weak rocks. Steep lineation on sur- 
faces of bedding, cleavage, upthrusts, and joints completes the evidence 
of strong upward motion in the septa. 


Upward motion in intrusions—The steeply pitching linear elements, 
lying in nearly vertical planes, record essentially vertical motion in the 
intrusions. The rise of the intrusions is also indicated by the schlieren 
domes reported by Ernst Cloos (1931, p. 377, Pl. II; 1936, p. 405-407, 
P]. XVIII) from the region around Tuolumne Meadows. This evidence 
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is supplemented by marginal aplites and pegmatites that occupy “feather 
joint” positions in relation to the intrusive contacts. Acute angles, be- 
tween these gash fractures and the contacts, open downward into the 
intrusions. Marginal thrusts also attest upheaval and expansion of the 
intrusive cores. 

The vertical bulging, or updoming, of the region, shown in so many 
ways by the structures of the crystalline rocks, was renewed in Tertiary 
and Pleistocene time to give the present Sierra Nevada its imposing 


relief. 
SHIFT 


Shift on northwest structures—Apparently, Hans Cloos (1928, p. 281- 
292) was first to apply the concept of horizontal shift to explain the 
en echelon zones of north-south faults that occur along the eastern 
front of the Sierra Nevada, and are oriented to the northwest regional 
grain as the barbs of a feather are oriented to the shaft. From this 
observed relation, Hans Cloos concluded that the Sierra block has moved 
northwestward in relation to the Great Basin. Later, Ernst Cloos (1936, 
p. 440-442) mentioned elements of the primary structure that indicated 
horizontal shift in the same relative direction. Among these are small 
shear zones “zu tausenden” (by the thousands) on which the direction of 
movement conforms with the direction of recent movements along the San 
Andreas fault. Mayo (1937) summarized the evidence in favor of 
horizontal shift in the Sierra Nevada south of Mono Lake and stressed 
the importance of the nearly north-south elements, such as faults, joints, 
and discordant part-plutons, with north-south axes. It was expected that 
further study would yield other evidence. 

In the most intensely deformed portions of the septa, small folds with 
nearly vertical axes are oriented as though the folds were made by drag 
on northwest shears. In many cases, the shift that would give the ob- 
served orientations of the drag folds would also displace the southwestern 
sides of the shears relatively northwestward. An example is furnished 
by the tiny drag folds in the cleavage in the right-hand block of Figure 
3. The relation of these little folds to the lineation in this block raises 
the question as to whether the lineation is parallel to the direction of 
most active motion in the rock or whether the greater part of this mo- 
tion was horizontal shift at right angles to the lineation. 

The observations of Ernst Cloos (1936, p. 440) concerning horizontal 
shift on small shears are amply supplemented by many similar observa- 
tions in the granitic rocks farther south. In some places, the shifting 
motion occurred along the primary flow layers at a time so early in the 
structural history that the shear was completely healed (Fig. 25A). In 
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many localities, zones of mylonite, parallel to the flow layers, mark the 
courses of somewhat younger conformable shears. Quite commonly also, 
the shears traverse the flow structure. In Figure 25B, the dark 
schlieren were displaced on a sharply defined shear that traversed the 
older structure at right angles. 


A 


Ficure 25—Horizontal shift on northwest shears 


A. At eastern end of Toowa Range, Olancha quadrangle. A pegmatite dike, with in- 
distinct contacts, was displaced by movement parallel to flow layers in quartz monzonite. 

B. In Upper Basin, on south form of Kings River, Bishop Quadrangle. Steep, con- 
formable schlieren were displaced by transverse shear. 


In relation to the problem of horizontal shift, one of the most interest- 
ing small areas in the interval Mt. Lyell-Mt. Whitney is Kearsarge Lane 
(Fig. 22). The larger structural features in this area seem to fit ad- 
mirably the concept of shift as developed from other observations. In 
addition to these larger structures, many small elements, such as shears 
and drag folds, add their testimony to the accumulated evidence. In 
the narrow aisles of granite that divide the strips of schist, small inclu- 
sions of various kinds seem to have been rotated clockwise, as would 
be expected if the southwestern sides of the granite aisles have shifted 
relatively northwestward. Petrofabric studies of the rocks of Kearsarge 
Lane should throw further light on the nature of these rock movements. 

Many of the larger features shown on Plate 1 can be readily inter- 
preted as regylts of horizontal shift. For example, the curved, eastwardly 
convex intrusion west of the headwaters of Owens River appears to have 
been inserted into a huge drag fold, and this fold in turn is so related to 
the general trend of the Sierra Nevada that it could have resulted from 
shift in the usual direction along N. 30 W. flaws. This fold, which 
pitches steeply toward the west-northwest, is obviously related to a west- 
northwest axis, to which are oriented the curved flow layers about 3 
miles northeast of Mt. Lyell. A swarm of steep joints parallel to this 
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axis is indicated on Plate 2. Accordingly, it seems that a number of 
factors may have combined to produce the fold. In addition to shift 
along a zone parallel to the general trend of the Sierra Nevada, there 
may have been shift along west-northwest axes, or compression, acting 
nearly at right angles to the west-northwest direction, may have buckled 
the steeply dipping structures along a west-northwest zone in which the 
rocks were somehow weakened. No one of these possibilities nor any 
combination of them seems to exclude the idea that these eastwardly 
convex structures are related to horizontal shift. 

Rock Creek Salient is another, more complicated, example. The general 
shape of the schist are here is not very obviously related to the regional 
trend of the Sierra Nevada as a drag fold. The origin of this structure 
was obviously controlled by other factors in addition to shift on north- 
west flaws. Certain features, however, such as the curves at the south- 
eastern edge of the salient (west of the “T” in Tungsten Hills), readily 
find their place in the chain of evidence relating to horizontal shift. 
The pattern of the curves at this place favors the assumption that the 
shift occurred along a west-northwest shear. 

The large, serpentlike loop that encloses the figure 60, southwest of the 
Tungsten Hills, may be related to the similarly shaped bulge in the 
Cathedral Peak granite about 5 miles to the west-northwest. If a line 
connecting these two structures is projected about 15 miles to the west- 
northwest, it will pass somewhat north of the center of the curves shown 
beyond the northern end of the Segment of Mt. Goddard. This rather 
close approach to alignment shows that here again a series of curves, 
convex southeastward, are in some way related to the west-northwest 
direction. These curves may result from shift parallel to the west-north- 
west direction, from compression at right angles to this direction, which 
would cause plastic buckling in a weakened zone, or from some combi- 
nation of these factors. In any case, the arrangement of the curves, with 
convex sides toward the southeast, favors the idea of shift in which the 
southwesterly sides of shear zones have moved relatively northwestward. 
The internal structure of the eastern half of the Double Septum south- 
west of the “T” in Tungsten Hills harmonizes with this concept. 

The data are not complete enough to reveal with certainty other drag 
foldlike structures in the Zone of Cross Buckles. There is, however, a 
suggestion of such a structure southeast of the word “Cross.” 

The Connecting Link may be what remains of a huge drag fold. If 
such an origin be assumed for this structure, however, it is then difficult 
to explain why the Connecting Link is approximately in alignment 
with the near-by schist prong that projects outward from the eastern 
half of the Double Septum. These two features, Connecting Link and 
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schist prong, appear to be parts of a single northeast-trending structure. 
Although a few miles of shift might conceivably have been distributed 
throughout the Connecting Link, any very great amount of such motion 
should have displaced the two parts. 

Among other structural features that may be remnants of drag folds 
are the northeasterly projecting schist lens near Big Pine and the east- 
ward-projecting prong of schist at the southern end of the Palisades. The 
curved flow layers in the granitic rocks near these two bodies of schist 
help to fill out the drag foldlike pattern. Many smaller, less conspicuous 
examples of such structure are shown on Plate 1. In no known case does 
the shape or orientation of the supposed drag fold suggest shift in a direc- 
tion opposite to that inferred from other evidence. 


Amount of shift on northwest structures—Structures such as the 
Connecting Link, which traverse the northwest direction with little or no 
offset, would seem to limit the amount of shift along the Sierra Nevada 
front to a very modest figure—perhaps a few miles at most. This would 
agree well with the small horizontal offsets observed along the young 
faults that bound the range. There is evidence, however, that suggests 
that the amount of shift along the Sierra Nevada front was several tens 
of miles and that the problem of horizontal shift here is far from simple. 

The northeasterly structures that limit the Expansion of Mt. Lyell 
on the south, if traced eastward, appear to have shifted about 16 miles 
to the right, to reappear in Rock Creek Salient. This shift agrees in 
direction with the shift inferred from ail other observations in the region. 
It would explain why the northwest-trending structures in the Expan- 
sion of Mammoth Lakes and in the near-by Cathedral Peak granite 
lie across the projection of the structures in granitic rocks along the 
southern edge of the Expansion of Mt. Lyell. The shift zone would be the 
zone of intrusions between the halves of the Double Septum; yet this zone 
is bridged by a northeast-trending structure at the Connecting Link. 

It may be that the shift, between the Expansion of Mt. Lyell and the 
Connecting Link, was diverted along many west-northwest shears and was 
accommodated by buckling the eastern half of the Double Septum. The 
straight-line distance from the eastern end of the Connecting Link to the 
southeastern terminus of the Expansion of Mammoth Lakes is 23.5 miles, 
but along the buckled septum the distance between these two places, as 
determined by laying a piece of string along the curves on the map, is 
about 40 miles. If the septum was ever a straight, northwest element, 40 
miles long, it has been shortened about 16.5 miles by buckling. This 
amount agrees well with the offset between the southern edge of the 
Expansion of Mt. Lyell and Rock Creek Salient. 
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A few miles of shift could have been accommodated by warping, and 
to a limited extent by rotation, of the Connecting Link. This motion 
may account for the structural features of Kearsarge Lane. 

There are other difficulties to be met if it is assumed that many miles 
of shift occurred between the halves of the Double Septum. One of these 
is the fairly good alignment of drag foldlike structures along west-north- 
west axes that traverse the shift zone. These axes may have been estab- 
lished during the shift or when the motion was nearly complete. Some 
warping of these axes, as a drag effect of shift, is not precluded. Another 
obstacle is the Zone of Cross Buckles, which, traversing the entire Sierra 
Nevada, should include structures of various ages. This final obstacle 
may be insurmountable, but until further mapping has disclosed more 
fully the nature of the Zone of Cross Buckles this question cannot be 
decided. 

Obviously, the zone between the halves of the Double Septum does 
not contain all the evidence of shift along the eastern front of the Sierra 
Nevada. Consequently, any estimate of shift derived only from observa- 
tions in this zone could account only for a part of the motion. 

To sum up: The most conservative view of horizontal shift along 
the eastern front of the Sierra Nevada, based on the recently acquired 
evidence, is that the total displacement amounts to only a few miles, but 
the possibility is not precluded that the accumulated shift totals several 
tens of miles. Observed offsets establish the fact, and the relative direc- 
tion, of the shift. 


Shift on northeast structures—There is little information on motion 
along northeast-trending structures. The drag folds and turned cleavage 
along the southern edge of the Expansion of Mt. Lyell indicate that the 
area south of this expansion has shifted eastward. The same conclusion 
follows from small offsets observed along shears in the near-by Cathedral 
Peak granite. The shears in the granite must have carried the last 
residue of this motion, because the granite was emplaced after most of 
the shift had occurred. 

According to Callaghan and Gianella (1935, p. 167) a slight amount 
of shift occurred on a northeast-trending fault in the Excelsior Moun- 
tains, near Marietta, Nevada, at the time of the earthquake of January 
30, 1934. Here again, the southeastern side of the fault had moved 
relatively northeastward. Hulin (1925, p. 63-64, fig. 3) found evidence 
that the southeastern side of the Garlock fault, a northeasterly fracture 
at the southern end of the Sierra Nevada, had moved about 5 miles 
northeastward in relation to the country north of the fault. 
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If the meager evidence now at hand gives a correct picture of shiit 
on northeasterly structures, then this shift, in connection with the hori- 
zontal movement along northwest shears, would favor east-west elonga- 
tion and north-south shortening. Into this system of deformation, the 
nearly north-south structures would fit as gash, or tension, elements. 


THRUSTING 


General statement.—The structures in the interval Mt. Lyell-Mt. 
Whitney are characteristic of the root zone of mountain deformation. 
Accordingly, gently dipping, far-traveled overthrusts are not to be ex- 
pected. However, as brought out in the discussion of the regional arrange- 
ment of structure elements, steep upthrusts, upthrust wedges, and even 
low-angle overthrusts with moderate displacement are fairly common. 
These thrusts indicate a tendency for the root structures of the Sierra 
Nevada to expand upward and outward. If the region had been eroded 
to a much deeper level, thrusts would probably be lacking. This sug- 
gestion seems to be borne out by the relations observed in the southern 
part of the Sierra Nevada, where it is thought that erosion has exposed 
a deeper level in the mountain structures (Webb, 1938, p. 319-320). 

As might be expected, most of the thrusts along the eastern front of 
the Sierra Nevada carried motion away from the core of the range, 
toward the Great Basin. Locally, however, the thrusts moved westward, 
or southwestward, into the mountains. 


Eastward motion on thrusts —Erwin (1934, p. 53-56; 1937, p. 410-411) 
has described thrusts along the western border of the Expansion of Mt. 
Lyell that carried motion away from intrusions that lie farther westward. 
South of the Expansion of Mt. Lyell, this eastward motion on thrusts 
seems to have been transferred to the steep, northeast-trending shears 
and flow layers already noted along the southern border of the meta- 
morphic rocks. The eastward motion is also expressed in the westward- 
dipping upthrusts that parallel the cleavage of the metavoleanics in the 
western third of the Expansion of Mammoth Lakes and in the eastward 
overthrusting shown in Section 17-24 of Figure 16. As previously men- 
tioned, many small thrusts, which carried movement away from the 
Sierra Nevada, fringe the schist are at Rock Creek Salient. Similar 
thrust fringes follow the curves situated farther westward in the Zone 
of Cross Buckles. It seems as though the eastward motion, first seen 
along the western border of the Expansion of Mt. Lyell, became more 
pronounced where the northwest trends were crossed by a prominent 
northeast zone (the Zone of Cross Buckles, e. g.,). In other words, the 
motion reached its climax on a structural intersection. 
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As shown in Figures 18, 19, 21, and 24, there is a tendency, south 
of the Zone of Cross Buckles, for much of the internal structure of the 
Sierra Nevada to dip steeply westward, as though this structure had been 
overturned away from the mountains. This overturn is accompanied at 
many places by westward-dipping thrust planes, and again these thrusts 
are most pronounced on or near the intersections of northwest and north- 
east structures. Examples of such intersections have been described at 
Rock Creek Salient, at the irregular septum lobe beyond the eastern end 
of the Connecting Link, and at Split Mountain (Fig. 21, Sec. 5; Pl. 1) 
on the southern edge of the Palisades. 

In conformity with the general picture of eastward overturning along 
the Sierra Nevada front, the marginal thrusts that radiate from many 
of the intrusive centers are stronger and more abundant along the east- 
ern than along the western sides of the intrusions. This is thought to 
indicate that the structural patterns of the intrusions were modified 
by the regional movements. 


Westward motion on thrusts—The westward-moving thrusts along the 
eastern side of the Expansion of Mt. Lyell were mentioned in the dis- 
cussion of the regional arrangement of structural features. Westward 
overturns and overthrusts in the eastern part of the Expansion of Mam- 
moth Lakes are shown in Figure 16. Both these broad areas of meta- 
morphic rocks are bordered by thrusts from either side, and in both cases 
the apex of the resulting anticlinal structure, situated in the eastern parts 
of these expansions, suggests more powerful motion from the west. 

Westward overturns are locally present along the Sierra Nevada front 
south of Rock Creek Salient, as shown in Figures 21 and 24, and these 
are occasionally accompanied by overthrusts that moved westward 
(Fig. 23). 

Possibly the westward-moving thrusts should be regarded as under- 
thrusts produced by the general eastward crowding. They may all mark 
the western borders of wedge, or funnel-shaped structures. In the case 
of marginal thrusts along the western margins of intrusions, the relation 
is established between small, westward-moving thrusts and a cylindrical 
or funnellike structure. 

Strangely enough, whereas eastward motion was stronger on the struc- 
tural intersections (Rock Creek Salient, Split Mountain), westward 
thrusts are also most prominent near these intersections. Powerful west- 
ward thrusts exist in the southern part of the Expansion of Mammoth 
Lakes, just north of Rock Creek Salient (Fig. 16, Secs. 25-30), and west- 
ward overturning of folds is pronounced in the eastern half of the Double 
Septum just south of the salient. Likewise, thrusts that carried motion 
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toward the west (Fig. 23) were developed just south of the spectacular 
eastward overthrusts at Split Mountain and Cardinal Mountain (Fig. 21, 
Secs. 5, 6). Again and again one is reminded by the field relations 
that structural intersections are the sites of especially intense and com- 
plicated deformation. 


PATTERN OF TERTIARY-PLEISTOCENE DEFORMATION 
GENERAL STATEMENT 


Perhaps the best recent summary of the post Nevadan history of the 
Sierra is by Matthes (1930, p. 27-30). After the close of the Upper 
Jurassic, during Nevadan orogeny, the Sierra Nevada region was eroded 
to a surface of low relief. Remnants of this Cretaceous peneplane, which 
truncates the steep structures of granitic and metamorphic rocks alike, 
are still preserved in many parts of the Sierra Nevada. The initial warp- 
ings of this ancient surface, accompanied by eruptions of rhyolitic tuff, 
are said to have begun toward the close of the Eocene. This warping 
and uplift continued, with interruptions, until its culmination in westward 
tilting in early Pliocene. After a period of relative stability, the tilting 
was renewed in early Pleistocene time, when the faults that now bound 
the Sierra Nevada on the east seem to have originated. These faults 
follow approximately the eastern margin of the granitic core of the Sierra 
and therefore seem to have been localized where strong, rigid granite gives 
way to cleaved and bedded metamorphic rocks. The faults, and the 
voleanic eruptions associated with them, are the principal structural 
records of the later deformations along the eastern front of the Sierra 
Nevada. The pattern of these faults and volcanoes is shown on Plate 3. 


SIERRA FRONTAL FAULTS 


Criteria of faulting—The abrupt eastern front of the Sierra Nevada 
has long been cited as evidence of a great normal fault that bounds these 
mountains on the east. On certain geologic maps this supposedly normal 
fault has been drawn, usually as a simple fracture, occasionally as a zone 
of fractures en echelon. 

In the present work, the major topographic feature, the great scarp 
itself, has been of secondary interest. Most attention was given to 
smaller features, such as basal scarplets, sudden breaks in slope, trenches, 
and observable fault planes. The fault planes, except where disclosed 
in a few stream channels, are rarely visible in natural exposures. They 
are exposed, however, in road cuts and other artificial excavations. The 
scarplets and trenches were rarely observed in the crystalline rock but 
commonly they traversed alluvial fans, glacial moraines, Pleistocene lava 


{ 
a 
: 
¢ 
| 
{ 
> 
{ 
: 
i 
i 


1062 E. B. MAYO—MT. LYELL-MT. WHITNEY, CALIFORNIA 


flows, and soil. This condition attests the youth of some of the fault 
movements along the Sierra Nevada front. 

Wherever the supporting criteria were sharp and clear, the fault 
traces are shown on Plate 3 as solid lines; where the evidence was 
obscure, broken lines indicate the traces of the inferred faults. For 
simplicity, many minor faults have been omitted. 


Nature of the faults—It is comparatively easy to map the arrange- 
ments of the faults, but very difficult to determine their nature, because 
most of the fault planes are hidden, and structural planes of reference 
are usually lacking. Small “normal” movements are recorded locally 
in the displaced surfaces of lava flows and alluvial fans, but it is not 
easy to prove that a swarm of such displacements at the surface does 
not represent adjustment on a concealed thrust. Scarp faces and trench 
walls are‘not fault planes. Of several dozen fault planes observed in 
artificial excavations and stream channels, all but one were small thrusts. 


In a road cut at the northern end of the Poverty Hills there was exposed in 1936 
and 1937 an overthrust that dipped gently eastward. Above the thrust, the chlo- 
ritized granite of the Poverty Hills had been converted into a finely laminated 
chlorite schist. On the trace of the thrust this schist was reduced to green powder. 
The footwall is unconsolidated gravel, probably Tertiary or Pleistocene in age. 
Small schist prongs have pushed like plough shares into the gravel. 

Other less striking examples were seen in cuts along the highway west of Little 
Round Valley, Mt. Morrison quadrangle, in the gorge of Rock Creek in the same 
quadrangle, and on the eastern margin of the Poverty Hills. Westward-dipping 
crush zones, not cemented, occur at the base of the Sierra Nevada on the road from 
Independence to Onion Valley, in the Mt. Whitney quadrangle. Similar thrust 
surfaces that have carried Tertiary or Pleistocene motion are revealed in prospecting 
pits in the Tungsten Hills and elsewhere about the northern and eastern margins 
of Coyote Salient. The displacements in all these examples appear to have been 


small. 


The features mentioned above may merely represent local and minor 
adjustments that attended large-scale normal faulting. Until more has 
been learned about the fault movements along the Sierra Nevada front, 
however, it may not be safe to assume that the escarpment results solely 


from normal faulting. 
At three places only was evidence of horizontal shift found on the 


fault traces. 


On the eastern edge of Rock Creek Salient, at 37° 28’ N., 118° 28’ W., a small 
stream, emerging from a slotlike canyon, encounters, at the "pase of steep granite 
cliffs, the trace of a fault. Along this fault trace, the eastward continuation of the 
stream channel has been shifted southward about 500 feet. At the foot of the 
cliffs the water coming out of the canyon turns southward at a right angle, flows 
about 500 feet, makes another right-angle turn, this time to the east, and continues 
down the old channel. 

On the south fork of Oak Creek, in the Mt. Whitney quadrangle, at 36° 48’ N., 
118° 17’ W., there appears to have ‘been many hundreds of feet of horizontal shift. 
Here the canyon of Oak Creek, emerging from the mountains, encounters at the 
base of a steep scarp the trace of a fault and in two offsets is displaced southward 
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perhaps 1000 feet. The lateral moraines of local Pleistocene glaciers conform to the 


abrupt turns. 
At 36° 46’ N., 118° 17’ W., on Independence Creek, a Recent mud flow welt, where 


it crosses the trace of a fault, was offset about 8 feet. In this case the eastern seg- 
ment of the welt has moved northward. An abrupt bend in the course of Inde- 
pendence Creek at this place, however, suggests several hundred feet of shift, in 
which the eastern block moved relatively southward. 

When the faults along the Sierra Nevada front have been more inten- 
sively studied, more evidence of horizontal shift will probably come to 
light. At present, however, it can only be said that the horizontal move- 


ment appears to have been relatively unimportant. 


Fault pattern.—The northwest direction, so prominent in the frame- 
work of oldest structures, as well as in the pattern of regional joints, 
controls the fault pattern. For this reason the trend of the present 
Sierra Nevada front is here northwest. This front, however, is very 
irregular, especially in the northern half of the area. The irregularities 
exist because the northwest control is locally challenged by other direc- 
tions, previously noted in the structural framework. 

Where swarms of northeast-trending faults impinge upon the Sierra, 
the front recedes, forming re-entrants. In the interval Mt. Lyell-Mt. 
Whitney, the most prominent re-entrant is the Mammoth Embayment, 
which contains the Mammoth Volcanic Field (Pls. 2, 3). Some of the 
northeast faults that help to account for this re-entrant are indicated on 
Plate 3, and the continuation away from the Sierra of the zone in which 
these fractures occur is suggested on a map by Gilbert (1938, p. 1834). 
According to Gilbert’s map, the lofty White Mountains, east of the 
Sierra Nevada, terminate at the north on this zone of northeast faults. 
A map by Muller and Ferguson (1939) suggests a still farther continua- 
tion of this zone into Nevada. 

There are many other examples of re-entrants localized in part by 
displacements on northeast faults. These faults limit Coyote Salient 
to north and south and terminate the Alabama Hills at either end. In 
the case of the re-entrant at the southern edge of Coyote Salient, again 
the belt in which the northeast faults occur has been traced for a long 
distance away from the Sierra Nevada. 

Many north-south faults impinge upon the Sierra, and they locally 
affect the shapes of the re-entrants. A zone of such faults borders the 
Mammoth Embayment on the west. The results of Recent adjustments 
in the southern part of this zone have been investigated by Benioff and 
Gutenberg (1939). 

A similar zone, west-northwest of Rock Creek Salient, is deflected into 
the northwest direction as it penetrates the Sierra. A third belt of north- 
south faults borders Rock Creek Salient on the east and passes south- 
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ward, grazing the western edge of the Tungsten Hills, and penetrating 
deeply into the mountains. East of this fault zone, the gentle northern 
slope of Coyote Salient forms the scarpramp, so called by Taylor (1933). 
Other examples of meridional faults are shown on Plate 3. For 10 or 15 
miles south of Coyote Salient, these faults strongly influence the trend 
of the Sierra Nevada front. 

Faults that trend west-northwest are prominent along the southern 
border of the Mammoth Embayment. Because of these faults, the Sierra 
front here traverses the northwest regional grain. The west-northwest 
faults are also present in Rock Creek Salient and in the Big Pine Vol- 
canic Field, along the southeastern border of Coyote Salient. At few 
other places are these faults conspicuous. 

Curves, similar to those developed in the pattern of steep joints, are 
locally revealed in the orientations of faults. The most conspicuous of 
these curves reflects roughly the shape of Rock Creek Salient. 

Thus the major features of the framework of oldest structures are 
again reflected, this time in the arrangements of the faults along the 
eastern front of the Sierra Nevada. Clearly, Tertiary and Pleistocene 
movements here did not superpose an unrelated pattern on the pattern 
of oldest structures. On the contrary, the late adjustments appear to 
have sought out, and to have used, the zones of greatest weakness in the 
original pattern. Future studies will probably bring out ever more clearly 
this relation between the young faults and the ancient framework. The 
present study merely provides a rough sample of the details of the 


faulting. 
VOLCANOES 


General statement.—The boundary between the rigid granitic rocks 
of the Sierra Nevada and the cleaved and bedded sediments that occupy 
large areas farther east should be a deeply penetrating zone of weakness. 
For this reason, fault movements along this boundary should open many 
channels for the extrusion of lava. It is therefore no surprise to find 
that voleanoes do occur along the Sierra Nevada front, but these erup- 
tions are not evenly distributed along the base of the mountains. Where 
the scarp is fairly simple, with no pronounced salients or re-entrants, one 
can travel for many miles parallel to the foot of the Sierra without find- 
ing the slightest evidence of Pleistocene volcanic activity. It is obvious 
then that the volcanoes are clustered in certain favored areas. In the 
interval Mt. Lyell-Mt. Whitney, three clusters, or volcanic fields, can be 
recognized. 


Big Pine Volcanic Field—The Pleistocene voleanoes near the villages 
of Big Pine and Bishop have been described by Knopf (1918, p. 74-78). 


£ 


US 
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As the southern edge of Coyote Salient is approached from the south, 
the simple pattern of northwest-trending faults, shown along the base 
of the Sierra Nevada in the southeastern part of Plate 3, begins to be 
complicated by the presence of northeast-trending faults. Near some 
of the resulting intersections are located a few early Pleistocene basaltic 
pipes. Remnants of lava flows lead from these outlets into Owens Valley. 
One of these flows poured from the mouth of Sawmill Canyon in the 
Mt. Whitney quadrangle, and another flow, or series of flows, issuing from 
the valley of the north fork of Oak Creek, probably reached the floor 
of Owens Valley about 4 miles north of Independence. 

Farther north, and nearer the bulging mass of Coyote Salient, the 
early Pleistocene pipes give way to beautifully preserved basaltic cinder 
cones. Some of these cones are located on the intersection of faults 
(Pl. 18, fig. 1); others are merely aligned to the traces of faults (Pl. 13, 
fig. 2). Near Goodale Creek, in the Mt. Whitney quadrangle, some of 
the cinder cones, at the very base of the Sierra Nevada, have been 
partially buried beneath accumulating banks of talus. The most im- 
posing late Pleistocene cinder cone is Crater Mountain, 3 miles south 
of Big Pine (Fig. 21, Sec. 4). The flows from many volcanic outlets 
in this part of the Big Pine Volcanic Field have coalesced into a single 
lava spread which extends completely across Owens Valley. 

Among all the basaltic outpourings there exists a single roughly oval- 
shaped mass of rhyolite (R on Pl. 3). Structural study shows that this 
rhyolite was erupted in place (Fig. 26). 

The rhyolite is made up mostly of a grayish or pale pinkish flow-banded lava, 
in which are embedded many rounded lumps and angular fragments of black obsi- 
dian. These inclusions vary in size from blocks several feet across to barely visible 
beads. Pumice and pumice breccia are irregularly distributed throughout the 


mass. This rock foam makes up most of the western end of the rhyolite and forms 
several centrally situated cores. 

The flow structures, including flow layers and flow lines, are usually very steep, 
except along the margins, where the lava tended to spread. At the eastern end of 
the mass, where the lava started to spill sluggishly down the piedmont slope of 
the Sierra Nevada, the flow layers were thrown into recumbent folds, and here the 
linear flow structure is parallel to the nearly horizontal axes of the folds. 

In the area occupied by the late Pleistocene volcanoes, the faults fol- 
low all four directions previously recognized in the regional framework. 
Near Goodale Creek, the cinder cones are aligned to traces of northeast 
and northwest faults. A north-south fault connects Crater Mountain 
with Red Mountain, and the longest dimension of the rhyolite, oriented 
west-northwest, is parallel to several near-by faults. Thus the clustering 
of volcanoes in certain areas along the Sierra Nevada scarp seems to 


be related to complicated structural intersections. 
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On Red Mountain Creek, 7 miles south-southwest of Big Pine, California. 
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On the eastern edge of Coyote Salient, a few miles north of the Big 
Pine volcanoes, a small re-entrant is located at a complicated corner 
in the fault pattern. At this place a feeble leak of the voleanic energy 
still reaches the surface to make Keough’s Hot Spring. 


Bishop Volcanic Field—A few widely spaced volcanic eruptions are 
distributed around the margins of the Tungsten Hills, at the northern 
end of Coyote Salient. What may be the eroded stump of an early 
Pleistocene volcano is situated at the eastern edge of the Tungsten Hills, 
just north of the highway Bishop-Lake Sabrina. The outcrop forms 
a small, isolated knob, about 25 feet high. The center of this rugged 
little hill is an irregularly shaped basaltic pipe, surrounded by a collar 
of thermally altered granodiorite. The partial fusion of the granitic rock 
by the basalt has been described by Knopf (1938). It is possible that 
this basaltic pipe failed to reach the surface. South of the highway, 
perhaps a mile southwest of the place just mentioned, is another irregu- 
larly shaped basaltic pipe that has erupted through granitic rock. 
Basaltic flows near-by suggest other vents situated deeper within the 
northern part of Coyote Salient, but these vents have not been found. 
Two other basaltic eruptions are on the alluvial plain beyond the eastern 
edge of the Tungsten Hills. The southern one of these still retains part 
of an eroded cinder cone and a nearly buried lava flow. The northern 
pipe, located beyond the highway Bishop-Mono Lake, is long and nar- 
row and forms a N.50W. ridge of basalt. Figure 3 of Plate 13 shows 
part of a basaltic plug located near the western edge of the Tungsten 
Hills. There may be other stumps of early Pleistocene volcanoes in 
this vicinity. 

No well-preserved cinder cones exist in the Bishop Volcanic Field, 
and only a few small lava flow remnants are left. Apparently the volcanic 
activity here coincides only with the earliest eruptions in the Big Pine 
field. The duration of the activity was probably short, and the eruptions 
were all basaltic. 


Mammoth Volcanic Field—The Mammoth Embayment is bordered 
on the northeast by rhyolite, andesite, and basalt flows and tuffs, con- 
sidered by Gilbert (1938, p. 1831) to be Tertiary. The ruins of prob- 
able Tertiary andesitic voleanoes occur on the Sierra Nevada crest west 
of the embayment. In the mountains that border the embayment on the 
south and southwest, a few scattered basaltic breccia pipes and small 
remnants of flows attest to an early Pleistocene voleanism that probably 
correlates with the volcanoes of the Bishop field and with the oldest 
eruptions in the Big Pine field. These early basaltic eruptions were 
followed, or possibly accompanied, by protrusions of andesite. 
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At the southwestern corner of the embayment, where several directions 
of faulting intersect, the crest of the Sierra Nevada, which in this region 
has an average elevation of 10,000 or 11,000 feet, appears to have sub- 
sided to an elevation of little more than 9000 feet. In this “sag” a 
cluster of andesitic protrusions rises as much as 2000 feet above the 
surface of the crystalline rocks. This cluster, together with associated 
flows, is known as Mammoth Mountain (M on Pl. 3), the most im- 
pressive volcanic edifice in the region. 

The embayment is bordered on the north and on the southeast by 
Pleistocene rhyolitic welded tuff (Gilbert, 1938), and the floor of this 
tectonic basin is occupied in part by a group of rugged, rhyolite hills. 
These hills, which oceupy an area of roughly 49 square miles, have been 
studied structurally by Chelikowsky (1940) who concluded that the 
rhyolite was protruded from many fissures in the floor of the embayment 
and was too viscous to flow beyond these fissures. A short distance east 
of the hills erosion of stream channels has exposed small intrusions of 
rhyolite that have not quite reached the surface. These intrusions have 
invaded the sediments of the Pleistocene Long Valley Lake (Mayo, 
1934). In some places, small wedges of rhyolite have followed joints 
in opal-cemented tuffaceous sandstone that locally caps the lake beds. 
At other places, little domelike masses of rhyolite have arched the sand- 
stone. These phenomena definitely establish the Pleistocene age of the 
rhyolite. 

The pattern of the rhyolite protrusions (R; on Pl. 3) seems to con- 
tinue northwestward the structural trends shown on Plate 1 just south 
of the Mammoth Embayment. There is also a strong suggestion, in 
the pattern of protrusions, of a northeast structural control. The other 
principal directions in the regional framework may also have influenced 
the orientations of the fissures of eruption, but if so the evidence is not 
very clear. It seems obvious, however, that these rhyolite hills occupy 
an important structural intersection. 

As might be expected near a large mass of rhyolite that was erupted 
in Pleistocene time, there are a number of hot springs and active fuma- 
roles in and near the rhyolite hills (Pl. 3). 


North-south belt of volcanoes—What appear to be the youngest 
volcanoes in the region occupy a north-south belt (X-Y on Pl. 3) which, 
starting at Mono Lake, beyond the northern edge of Plate 3, passes 
southward along the western edge of the Mammoth Embayment and 
penetrates far into the Sierra Nevada. The northern part of this belt 
is occupied by the Mono Volcanoes (R, on Pl. 3), a chain of rhyolitic 
domes so young that some of their ejecta lie on the latest Pleistocene 
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glacial moraines. The Mono Craters have been studied recently by 
Williams (1932, p. 73-79), Balk (1937, p. 50-51), Putnam (1938), and 
Mayo, Conant, and Chelikowsky (1936). The southern part of the 
north-south belt, which penetrates the Sierra Nevada, is marked by 
a chain of widely spaced basaltic cinder cones (Mayo, 1937, p. 184). 
Although this belt as a whole is a north-south element, some of the 
volcanoes in it are aligned to northwest or northeast directions. 


INTRUSION PROBLEM 
GENERAL STATEMENT 


Because granitic intrusions in the central and southern parts of the 
Sierra Nevada are much greater in volume than the metamorphic rocks, 
every comprehensive structural study in this region must lead eventually 
to the problem of igneous intrusion. How was space provided in the 
closely compressed mountain roots for so much granitic rock, and where 
did this granitic material come from? These questions suggest a divi- 
sion of the problem of intrusions into two main parts: the space problem 
and the materials problem. Obviously, the information now at hand 
on the structure of the Sierra Nevada and its surroundings is not nearly 
complete enough to solve these problems, but it is proposed to examine 
the available evidence to see to what conclusions it seems to lead. 


SPACE PROBLEM 
Magmatic stoping—The various aspects of magmatic stoping as a 
possible factor in providing space for intrusions have been discussed 
by Daly (1933, p. 267-286). Although the principle of piecemeal stoping 
doubtless finds application in various parts of the world, and possibly 
even at some places in the Sierra Nevada (Durrell, 1940, p. 30-31), piece- 
meal stoping seems to be precluded as an important factor in providing 
space for those intrusions whose structure has been investigated. The 
most telling evidence of this is the orderly arrangement of structural 
features in patterns that indicate strong upward motion in the granitic 
rocks. The preservation of these structures in the intrusions at all indi- 
cates that at the time of the motion the granites, if liquid, were very 
viscous. It is not easy to imagine much downward stoping where highly 
viscous masses moved upward. Ernst Cloos (1936, p. 436-438) has dis- 
cussed a number of respects in which the stoping hypothesis fails to 
explain his observations in the Yosemite region. 
Possibly the irregular diorite masses west of Bishop Creek, in the Mt. 
Goddard quadrangle (upper section in Figure 18) are downstoped blocks, 
but, in view of the prevailing evidence of strong upward motion in the 
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granitic intrusions, it seems as though the diorite masses, instead of sinking 
downward, may not have moved at all or may even have been carried up- 
ward. Similarly, the two large “islands” of metavolcanic rock, on the 
southern edge of the Expansion of Mt. Lyell (Pl. 1), might be regarded 
as huge xenoliths that sank into the diorite. If these masses are large 
stoped blocks, however, it is remarkable that their internal structure 
fits so well into the structure pattern of their surroundings. The blocks 
would have had to sink without tilting or rotation. The fact that through- 
out the area shown on Plate 1, with a few local exceptions, the internal 
structures of granitic and metamorphic rocks alike are conformable 
parts of the regional pattern seems also to oppose the possibility of 
much downward stoping. 


Forceful intrusion—As previously indicated, the internal structures 
of the intrusions show that, during the plastic and transitional stages, 
many of these masses moved upward past their walls. This conclu- 
sion has been strongly reinforced by observations on structural modi- 
fications in the wall rocks around the intrusions (Balk, 1937, p. 125- 
128; Mayo, 1935, p. 683-687; Nevin, 1936, p. 204-209). Accordingly, 
some geologists seem willing to assume that the intrusions won all, or 
most, of their space by forcefully thrusting aside and doming upward 
the wall rocks. This conclusion was reached by Mayo (1935, p. 687) 
from a study of deformation in intrusions and wall rocks in the Expan- 
sion of Mammoth Lakes, by Erwin (1937, p. 408-410) from observations 
in the Expansion of Mt. Lyell, and by Balk and Grout (1934, p. 364- 
366) from their study of deformation in and around the Snowbank 
Stock, in Minnesota. In view of these observations on deformation and 
movement, it at first seems eminently fair to conclude that the intru- 
sions have indeed won their places by forcing the wall rocks aside. 
Where small intrusions only are concerned, or where the investigation 
is limited to a small part of a huge intrusive complex, it is hard to 
pick a flaw in the chain of evidence that indicates forceful emplace- 
ment. If, however, the idea of forceful intrusion will explain the em- 
placement of small granitic bodies, it should apply equally well to large 
massifs. 

The granitoid core of the Sierra Nevada locally attains a width of 
70 miles or more. It is difficult to imagine how the walls could have 
been pressed aside to accommodate so enormous a massif. What would 
be the present condition of wall rock so squeezed? What would happen 
to the roof of such a massif; and indeed, if the massif had the power 
to shove aside its walls to such great distances, how -ould the intrusion 
be restrained by any imaginable cover? 
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The fact that the Sierra Nevada core was built up in small, successive 
increments may help matters somewhat. The stupendous task of making 
room for the core was accomplished bit by bit, and the total amount 
of lateral thrusting can be reduced by the combined cross sections of 
the septa. The combined widths of these septa, however, total only a 
small fraction of the distances across the Sierra Nevada; therefore the 
roof must still stretch eventually to accommodate a massif about 70 
miles wide. Balk (1936, p. 57-63) has shown how fracture systems 
developed above rising masses may allow some stretching of the cover 
without disruption; and further distension could no doubt be accom- 
plished by rock flowage. Even so, it seems doubtful that a roof could 
stretch the amount demanded of the hypothetical cover of the Sierra 
Nevada core. Further, this roof must not only stretch without disrup- 
tion across the growing core, but it must at the same time restrain the 
powerful massifs before which the walls are supposed to have failed so 
amazingly. 

This question of what might have happened to an inferred roof may 
be like tilting with windmills, because, in the area studied, there is little 
or no evidence that a roof ever existed. It has been suggested to the 
writer that the broad areas of metamorphic rock in the northern part 
of the Sierra Nevada may eventually contribute toward a solution of 
the roof problem. Unfortunately, however, information on the struc- 
ture of these metamorphic rocks is, at present, so scanty that it cannot 
even be told whether the rocks form a roof over a huge granitic core 
or whether they are merely walls of nearly vertical stocks. 

Perhaps the rhyolitic protrusions, that occupy about 49 square miles 
on the floor of the Mammoth Embayment (R, on Pl. 3), furnish an 
example of what happens at the top of an intrusion. If so, it would 
appear that the roof is not everywhere preserved, for, strangely enough, 
with the exception of a few small xenoliths of quartz porphyry and 
basalt, there is no visible sign of the rocks that may have formed the 
roof of this rhyolite. Most of the rhyolite has merely piled up into 
towers and ridges and does not thereby give evidence of any tremendous 
power inherent in the magma. East of the hills, as mentioned before, 
small intrusions have approached the surface within a few tens of 
feet at most. If this magma had possessed much thrusting power, the 
thin cover should have been disrupted; instead, the tuffaceous sand- 
stone was only gently arched. It is possible, however, that these observa- 
tions fail to give a true picture of what may have happened at the tops 
of forcefully rising intrusions, because the power inherent in the rhyolite 
magma, whether vapor pressure, transmitted hydraulic pressure, or some 
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combination of these, may have been discharged when the welded tuff 
(Gilbert, 1938) was expelled. 

In contrast to the roof, which always seems to be lacking, the walls, 
including the septa, may be studied at many places. These walls, as 
already noted, have been intensely deformed. If it were possible to 
show that this deformation was caused by the intrusions, a very good 
ease indeed could be made for the hypothesis of forceful emplacement. 
The critical point involved is the time relation between deformation 
within the wall rocks and the emplacement of the intrusions. 

As noted in the discussion of the structural features of the meta- 
morphic rocks, cleavage and isoclinal folds seem to be genetically re- 
lated; that is, the deformation that made the folds likewise caused the 
cleavage. If the deformation within the wall rocks is the result of 
forceful emplacement, the cleavage should everywhere reflect the shapes 
and disclose the positions of the intrusions. 

Bucher (1933, p. 279-281) points to the relations observed by Turner 
(1898) in the Bidwell Bar quadrangle near the northern end of the 
Sierra Nevada. Here cleavage in schistose metamorphic rocks is roughly 
conformable with the outlines of irregular, stocklike bodies of granitic 
rocks, but in detail the intrusive contacts traverse the cleavage. Further, 
in the southeastern part of the quadrangle the cleavage follows the north- 
west trend of the Sierra Nevada and is quite independent of the attitude 
or the position of any intrusive contact. Accordingly, it follows that, 
although the intrusions may have thrust aside the wall rocks to some 
extent, thereby locally molding the cleavage to their shapes, they did 
not cause the cleavage. The cleavage existed before the intrusions, and 
this leads to the conclusion that most of the deformation in the wall 
rocks was completed before the intrusions. This conclusion is part of 
Law 32 of Bucher’s laws relating to the deformation of the earth’s crust 
(Bucher, 1933, p. 274). Law 32 applies well to the relations observed 
between cleavage, folding, and intrusions in the Expansion of Mammoth 
Lakes (Mayo, 1935, p. 687) and in the Expansion of Mt. Lyell, (Erwin, 
1937, p. 405). 

Placing less emphasis on the relation of cleavage to the intrusive 
contacts, Ernst Cloos (1935, p. 228-230; 1936, p. 360-362, 418-421) has 
studied the stretching in conglomerates of the Calaveras (Carboniferous) 
series along the western border of the Sierra Nevada core. The greatest 
stretching, as shown by the elongated shapes of pebbles in these con- 
glomerates, instead of being localized nearest the intrusive contact, was 
found some miles from the intrusions (1936, p. 361). Outerops of Cala- 
veras and Mariposa (Jurassic) conglomerates at comparable distances 
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from the intrusions show, on the one hand, strongly stretched Calaveras 
pebbles, on the other unstretched pebbles in the Mariposa conglomerates. 
Both series of rocks have been intruded. It follows, of course, that the 
intense deformation in the Calaveras rocks was pre-intrusive and must, 
in fact, have been completed in pre-Mariposa time. 

Thus, observations on the wall-rock structures seem to dispel any 
chance of providing all or most of the space for the granitic rocks by 
forcefully thrusting the walls aside. The modifications of wall-rock 
structure that seem to have been caused by the intrusions, although 
locally impressive, appear after all to be of minor importance. 


“Permissive” intrusion, tectonically controlled—If most of the space 
now occupied by the intrusions was not provided by stoping, or by the 
forceful magmatic thrusting aside of the wall rocks, there would appear 
to be only one possibility left—i.e., space for the granitic rocks was some- 
how created by tectonic movements. The oldest structures in the meta- 
morphic rocks—isoclinal folds, cleavage, and stretching—are records 
of a time when the rocks underwent intense lateral compression and 
upward elongation. This condition may not have favored the emplace- 
ment of huge masses of granite, but because of it the sedimentary and 
voleanic rocks of the region were so arranged as to resist further de- 
formation of the kind that caused the isoclinal folds. Steep structures 
were formed, which probably penetrated deeply into the crust. These 
structures were favorably oriented to serve as channels for heat and 
fluids from depth. In this way it may be that the stage was set for 
the coming of the intrusions, if further movement could provide the 
necessary space. 

There seems to be no reason to suppose that further deformation of the 
kind that originally folded the metamorphic rocks could provide space 
for the intrusions; indeed it appears that, once the isoclinal folding was 
complete, further movement of this kind was impossible. If, however, 
compression could act in a new direction, say north-south, then some 
of the steep northwest-trending planes of cleavage or bedding might 
be converted into surfaces of horizontal shift. It may be of interest 
to recall here that other writers, including Vickery (1925), Hans Cloos 
(1928), Willis (1938a; 1938b), and Miller (1940) have assumed north- 
south compression in order to explain certain structural features of the 
Pacific region. With the stress acting in this direction, it is also possible 
that northeast-trending shears, complementary to the northwest struc- 
tures, would develop. Shears oriented to other directions, such as west- 
northwest, might form. Tension fractures, oriented north-south, should 
bisect the angle between northwest and northeast structures. If the 
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north-south compression was very strong and long-continued, a number 
of interesting results could be expected. 

First, the rocks might be torn apart by tension, acting at right angles 
to the north-south fractures. It is not necessary to suppose that be- 
cause of this tension real cavities existed in the depths of the earth. 
It may be that, wherever the tension counteracted somewhat the local 
pressure, the deep-seated rocks were melted, or the travel of heat and fluids 
was somehow facilitated. As a result, melts, or softened masses of rock, 
might rise to fill any “potential” cavity as it formed. As such intrusive 
masses grew they might exert upon their walls whatever pressure could 
be transmitted hydraulically from depth. As a result, the walls would 
to some extent be deformed and pressed aside by the intrusions. The 
growth and rise of these masses would probably continue until the local 
tension was relieved. Renewal of the tension would start the process 
again, thus causing a number of intrusions side by side, or a series of 
nested intrusions. Granite massifs formed in this way should be oriented 
to the north-south direction; that is they should traverse the northwest 
regional trend. 

Ernst Cloos (1936, p. 440), in pointing out the above possibility of 
providing space for intrusions, has called attention to the fact that the 
granitic core of the Sierra Nevada occupies the boundary between a 
western region, characterized by structures that follow the Pacific Coast, 
or northwest, direction, and an eastern region, the Great Basin, in which 
the north-south direction prevails. Within this huge structural inter- 
section, the importance of north-south tension elements in providing 
space for granite cannot for a long time be properly evaluated. Before 
such an evaluation can be made, all contacts between the many single 
intrusions must be carefully mapped in order to determine how many 
of the granite masses are oriented to the north-south direction. 

In the area shown on Plate 1, there is the nearly north-south axis 
of the group of nested intrusions northwest of Mt. Lyell. This may 
indicate the position of a tension fracture that was repeatedly opened. 
About 15 miles east of this place (R. on Pl. 3) is the north-south chain 
of the Mono Voleanoes. These rhyolitic domes may be the surface 
expression of another tension fracture that opened in late Pleistocene 
time (Mayo, 1937, p. 184). The turning of the northern and southern 
tips of the Cathedral Peak granite, southwest of Mammoth Lakes, into 
the north-south direction doubtless indicates that the tension fractures 
have played some part in the emplacement of this massif, and these 
fractures may also have had something to do with the north-eastward 
bulge of the Cathedral Peak granite into Rock Creek Salient. Aside 
from these features, however, there is little to suggest that space was 
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provided for intrusions by pulling open the north-south fractures. Per- 
haps the evidence would be stronger if all the contacts between the dif- 
ferent kinds of granite had been mapped. 

The opening of north-south fractures is only one of the results to be 
expected from north-south compression. Along the northwest shift 
zones, Wherever for any reason frictional resistance to movement varied 
greatly, buckles should develop. Local differences in the amount of 
friction might be caused by original variations in the physical properties 
of the rocks or by local softening that resulted from the introduction 
of heat and (or) fluids on gash fractures or on other structural inter- 
sections. The bulge of the Cathedral Peak granite into Rock Creek 
Salient may be the prize example of a buckle so formed on a structural 
intersection. 

That the buckling would provide space may be illustrated by shearing 
over one another the pages of a book. If the sheared pages are free to 
move, no buckle, and therefore no space, results; but if the pages are 
held firmly at one place, a buckle will develop between this place and 
the point where the pressure is applied. Spaces develop between the 
buckled pages. Here again, there is no need to assume that open cavities 
are created by buckling the crust. The rise of plastic material from 
depth would prevent the existence of gross openings. 

If, to the formation of buckles along the northwest shears, is added 
the possibility of buckling along the west-northwest and the northeast 
directions, there would seem to result a mechanism for providing a great 
deal of space for intrusions in the Sierra region. The plastic masses 
that filled the spaces as fast as they were available would transmit 
upward and outward some pressure from depth. These intrusions would 
deform and press aside their walls to some extent, thus helping to 
enlarge their chambers. During this process the thinner septa, the leaves 
of the book, might become disrupted into chains of fragments, or they 
might be squeezed to higher levels. 

If the process above outlined has been of importance in providing 
space for the emplacement of the Sierra Nevada core, one might expect 
to find various stages preserved. At some places, relatively slight amounts 
of shift and buckling should have left narrow strips of granite between 
thin, parallel septa, and small, local buckles might be reflected in the 
orientations of the granite flow layers. This condition seems to be ful- 
filled in Kearsarge Lane (Fig. 22). Northwest of Kearsarge Lane, the 
intrusions between the halves of the Double Septum broaden abruptly; 
the eastern wall is more obviously buckled, and the many thin septa 
disappear, unless the diorite strips in this area are the remains of septa. 
At the Connecting Link, where a pronounced zone of northeast struc- 
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tures intersects the northwest trend, the intrusions double in width, and 
from here northwestward the eastern wall is buckled in a most remarkable 
manner. When the Zone of Cross Buckles is reached there is still another 
spectacular broadening of the intrusions, and the eastern wall is bent 
outward in a great loop. Throughout the mapped area, curved septa, 
curved trains of inclusions, and arcuate arrangements of flow layers 
plainly suggest the buckling that may have provided space for the granite. 
Associated with these features are the structures that suggest local em- 
placement along north-south fractures. 

The growth of the Sierra Nevada core seems to have been gradual 
and intermittent, as indicated by sharp contacts between many of the 
individual intrusions. It is said that the first intrusions were emplaced 
along what is now the western margin of the core, and that the intru- 
sions are successively younger from west to east. Accordingly, the 
youngest massifs are along the eastern border of the Sierra (Ernst 
Cloos, 1936, p. 431-434). The writer has not been able to demonstrate 
satisfactorily this order of intrusion across the Sierra Nevada, but it 
may be that the structures shown along the eastern side of the range 
record the final stages in the growth and emplacement of the pluton. 
Accordingly, buckling and tearing of the crust began along the western 
side of the Sierra Nevada, and as consolidation of the resulting intru- 
sions locally stiffened the crust further shift, opening of tension fractures, 
buckling, and intrusion were forced eastward. This series of events was 
repeated until the granitic core had grown to fill completely the steep 
root zone of the Sierra Nevada structure. 

Of the various methods that have been proposed for obtaining space 
for intrusions, this hypothesis of “permissive” intrusion seems to fit 
best the observations in the structurally mapped portions of the Sierra 
Nevada. It is thought, however, that the hypothesis may not help mate- 
rially to solve the roof problem, although it has advantages in this 
respect over the hypothesis of forceful intrusion. Whether or not “per- 
missive” intrusion can ultimately be accepted as the solution of the 
intrusion problem in the Sierra Nevada will depend largely upon the 
results of future structural study and upon the conclusions that will 
eventually follow from studies of the materials problem. 


MATERIALS PROBLEM 


Statement of the problem.—The materials problem is concerned with 
the source and origin of the granitic rocks. Of what was the granite 
made, how was it made, and where did it come from? Did it travel 
upward for many miles from some abyssal source, was it made from 
pre-existing rocks essentially where it is now found, or is some inter- 
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mediate view more in accord with the facts? A satisfactory answer to 
these questions cannot be given at present but will require for its formula- 
tion a vast body of evidence, not alone from structural observations but 
also from observations on the chemical and mineralogical changes in 
the rocks. 


Available structural data.—The structural data now at hand, by re- 
vealing within the intrusions patterns that indicate the independent up- 
ward motion of many of these massifs, definitely oppose the concept that 
most of the granite formed precisely in place. The most complete evi- 
dence of the vertical rise of large granitic massifs in the Sierra Nevada 
results from the studies of Ernst Cloos (1936, p. 405-407; Pl. XVIII) 
on the Tuolumne intrusions, northwest of Mt. Lyell. This group of 
nested intrusions attains a maximum width of 20 miles. In section, the 
flow structures are steep near the outer edges, but schlieren and flow 
lines arch completely across the massif, except where broken through 
at the center by a small, steep-walled mass of aplitic granite. A fan 
of cross joints is arranged at right angles to the flow line arches. Mar- 
ginal thrusts, that carried motion away from the center of the massif, 
occur at many places along the eastern and western borders. This struc- 
tural picture indicates upward and outward motion that continued from 
the plastic into the transitional and solid stages. The domical arrange- 
ment of flow structures simulates the patterns found in certain voleanic 
protrusions (Cloos and Cloos, 1927a) and formed experimentally by 
forcing plastic substances into stiff-walled tubes (Riedel, 1929a). In 
section, these schlieren and flow line arches also resemble the arcuate 
arrangement of foam and debris occasionally seen on the surfaces of 
quietly flowing streams, where the flow is impeded by friction with the 
banks. 

The structural pattern found in the Tuolumne intrusions is unique 
to the granite; no pattern even remotely resembling this one has been 
found anywhere in the metamorphic rocks. Therefore, there appears 
to be no reason to suppose that the structural pattern of the Tuolumne 
massif was somehow inherited directly from pre-existing metamorphic 
rocks. The independent rise of a plastic body was required to endow 
the granite with a pattern so completely different from the closely ap- 
pressed folds in the wall rocks. 

In the region south of the Tuolumne massif, the evidence is not so 
complete, because there structural domes are almost lacking. The near- 
est approach to domes in the more southern area are the patterns shown 
in the upper section of Figure 18. These structures suggest a com- 
plicated dome that was made up of a number of northeastwardly over- 
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turned folds. These folds, although broader than any found in the meta- 
morphic rocks, begin to resemble wall-rock structures and as evidence 
of the independent rise of the intrusions are therefore not so convincing 
as the Tuolumne pattern. However, other evidence of the rise of the 
granitic masses past their walls, such as marginal thrusts, marginal 
“feather” fractures, marginal gneisses and mylonites, and various struc- 
tural modifications in the wall rocks, is exposed at many places along 
the contacts between the intrusions and the metamorphic rocks. The 
virtual absence of domelike arrangements of flow lines and schlieren 
may therefore merely indicate a lower level of exposure in the southern 
areas. Certain masses that have obviously moved upward as viscous 
melts (Cloos and Cloos, 1927b; Mayo, Conant, and Chelikowsky, 1936) 
possess internal patterns like those found within the intrusions that 
are not domelike. 

Thus the structural observations indicate that the emplacement of 
the intrusions was a dynamic affair. They do not, however, yield informa- 
tion on the distance that the granite may have traveled. It is not known 
whether the motion required to generate the observed flow traces and 
fracture patterns amounts to many miles or to a few thousand feet. 
Further, some masses have as yet yielded very little evidence of having 
moved past the metamorphic rocks. Among these masses are most of 
the basic forerunners, including the dark plutonic complexes (Palisades 
massif, e.g.,), along the eastern escarpment. Those more siliceous intru- 
sions into which project long, thin streamers of wall rock that gradually 
“fade” into the granite (see discussion of contacts between the septa 
and intrusions) require further investigation. With such relations exist- 
ing between wall rocks and granite, much differential motion between 
these intrusions and the metamorphics seems impossible. 


Chemical and other changes in the rocks.——Detailed studies of the 
gradational changes in chemistry, mineralogy, and texture of the rocks 
in the structurally known part of the Sierra Nevada have not been com- 
pleted, and it is not known to what conclusions such investigations will 
eventually lead. Such a study, made in the northern part of the Inyo 
Range, about 30 miles east of the Mammoth Embayment, enabled 
Anderson (1937) to conclude that a large granitic mass, the Pellisier 
granite, had been formed in situ from older sedimentary and volcanic 
rocks. Observations at many places, mostly unsupported by chemical 
or petrographic study, have led the writer to suppose that Anderson’s 
conclusions may apply to parts of the Sierra Nevada. Much further 
work is necessary, however, before these observations can be presented. 
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It must be obvious that any concept of the formation of granite from 
pre-existing metamorphic rocks in the Sierra Nevada must harmonize 
with the structural data. This may mean that here any kind of altera- 
tion or recrystallization that led to the formation of granite went hand 
in hand with intense rock movements and was therefore not the quiet 
process that it seems to have been in the northern Inyo Range. 

If future studies can show that large amounts of granite were made 
from pre-existing metamorphic rocks, these studies of the problem of 
materials will have contributed much toward a solution of the space 
problem. 
SUMMARY OF CONCLUSIONS 

From the observations made along the eastern border of the Sierra 
Nevada between Mt. Lyell and Mt. Whitney, the writer’s conclusions 


follow: 


(1) The granitic rocks of the Sierra Nevada core occupy most of the 
region. This core is an assemblage of many lesser units that were em- 
placed in order of increasing silica. Groups of intrusions are separated 
at many places by long, narrow strips, and by local broad areas of 
metamorphic rocks. The metamorphic rocks are divisible into two groups 
—an older series of metasediments of probable Paleozoic age, and a series 
of metavoleanics, part of which Knopf has assigned to the Triassic. 

(2) The metamorphic rocks are remnants of septa that divided the 
intrusions to unknown depths. During the earliest recorded deforma- 
tion, the original bedding and other layered structures were thrown 
into a series of closely appressed, nearly vertical-sided, isoclinal folds. 
Cleavage developed approximately parallel to the axial planes of the 
folds and was followed by many small shears and occasional upthrusts. 
Linear structures that vary greatly in pitch were formed in the planes 
of cleavage, bedding, shears, and upthrusts. These metamorphic rock 
structures are separated from the intrusions by contacts that are usually 
very steep and sharp. Gradational contacts are suggested at a few places. 

(3) Within the granitic rocks, a parallel arrangement of inclusions, 
minerals and schlieren reveals layered and linear traces of motion that 
is assigned to the plastic stage of intrusion. These structures of the 
plastic stage, by grading into fractures, locally record the stage of transi- 
tion. The stage of transition was followed by the solid stage, when 
adjustments resulted in fracturing. 

(4) The internal patterns of the granitic rocks, excepting the few 
discordant north-south massifs, are broadly conformable with the wall- 
rock structures. Near the contacts between granitic and metamorphic 
rocks, flow layers in the granite are approximately parallel in dip and 
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strike to the wall-rock bedding and cleavage. Near the centers of the 
intrusions, however, the flow traces tend to disregard the arrangement 
of distant wall-rock structures. 

(5) The pattern of oldest wall-rock and granite structures is domi- 
nated by the northwest, or Pacific Coast trend, to which the Sierra 
Nevada is parallel. The northwest trend is crossed at right angles by 
systems of northeast structures, such as cross buckles in bedding, cleavage, 
flow layers, and intrusive contacts. The angle between the northwest 
and northeast directions is bisected by nearly north-south discordant 
features, such as the axis of the nested intrusions northwest of Mt. Lyell, 
and the northern and southern tips of the Cathedral Peak granite south- 
west of Mammoth Lakes. Flexures, or buckles, are locally aligned to 
west-northwest axes that lie approximately at right angles to the nearly 
north-south structures. The four directions just noted were followed by 
the majority of the steep, primary joints. 

(6) The primary structure patterns of granitic and metamorphic 
rocks indicate vertical motion. Offsets that occurred on northwest- 
trending shears during the stage of transition prove horizontal shift along 
the northwest direction. As a result of the shift, the southwestern sides 
of shears have moved relatively northwestward. This horizontal motion 
seems to explain many of the larger structural features of the regional 
pattern. The accumulated amount of shift along the northwest direction 
is conservatively placed at a few miles, but certain structural features 
suggest a total displacement of several tens of miles. There may have 
been horizontal shift on northeast structures, such that the southeastern 
sides of shift zones have moved relatively northeastward. The support- 
ing data are as yet very few, but so far they are consistent. The north- 
south structures fit into this movement plan as gash, or tension, elements. 
Upthrusting and local overthrusting accompanied the other movements 
at many places and were especially pronounced on or near structural 
intersections. 

(7) The nature of the Tertiary or Pleistocene movements that caused 
the imposing eastern scarp of the Sierra Nevada is not clearly revealed. 
Norma! faulting may have been the major type of adjustment, but even 
so this type of faulting may be the near-surface expression of deep- 
seated upthrusts. Some horizontal shift occurred on the faults, but the 
principal component of motion was vertical. 

(8) The Tertiary-Pleistocene faults have blocked out the eastern mar- 
gin of the Sierra Nevada along the four previously established frame- 
work directions. The northwest direction again dominates, and, where 
the control of this direction is absolute, the escarpment is straight and 
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simple; where the other directions interfere, the scarp is embayed and 
irregular. The remarkable similarity between the pattern of these faults 
and the framework of older structures is good evidence that later de- 
formations may inherit their patterns from the older orogenies. 

(9) The Pleistocene volcanoes tend to be clustered where irregularities 
in the Sierra Nevada front indicate intersections in the fault pattern. 
The most pronounced irregularity, the Mammoth Embayment, has had 
the longest and most complicated voleanic history. An exception to the 
general rule of the clustering of outlets is the north-south volcanic chain 
which includes the Mono Voleanoes. This chain resembles in its orienta- 
tion the group of nested intrusions northwest of Mt. Lyell. 

(10) In view of the evidence of upward motion in materials that were 
viscous enough to preserve traces of flow, it does not seem possible that 
stoping could have been a major factor in providing space for the intru- 
sions. The time relation between the intense deformation of the wall 
rocks and the emplacement of the granitic core of the Sierra Nevada 
likewise precludes forceful emplacement as more than a minor factor. 
The structural features of the region seem in harmony with the idea 
that space for the intrusions was provided partly by the opening of the 
north-south tension fractures but mostly by buckling of the isoclinally 
folded wall rocks, as a result of north-south compression. 

(11) The movement patterns of many of the intrusions preclude for- 
mation of most of the granite in place. The amount of differential motion 
between intrusions and wall rocks is uncertain, however, and in many 
cases the amount of differential motion may have been small. If it can 
be shown that some of the so-called intrusive rocks were derived from 
metamorphic rocks, in situ or during movement, the demand for space 
for the emplacement of the intrusions will be correspondingly reduced. 
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ABSTRACT 


Early Paleozoic geography and sedimentation in the Rocky Mountain Basin were 
influenced by the positive element, Montania, first noted by Willis, and later described 
and named by Walcott the “Montana Island.” 

A southern Waucobian sea entered the Great Basin and transgressed northeastward 
over Utah while a northern sea advanced over southwestern Alberta and southeastern 
British Columbia. Cascadia was united with Laurentia by Montania which formed 
a barrier 550 miles in width across the Cordilleran geosyncline. 

At the beginning of the Albertan the Cordilleran waters invaded the northern and 
southern parts of Montania from Canada and the Great Basin. The two seas united 
in northern Idaho and northeastern Washington forming the Idaho strait, and in 
northern Montana in the Eastern Rocky Mountain Basin. In Middle Cambrian, 
Montania was a low island whose apex lay in the region of Glacier National Park. 

The western part of Montania was elevated before the opening of the Croixan 
when a sea lay to the east in central-western Montana and extended northwest across 
southern Alberta into the deeper part of the Cordilleran geosyncline in southeastern 
British Columbia. 

Montania was elevated slightly before the Ordovician and remained above water 
until Middle or Late Devonian. Consequently, Middle or Upper Devonian lime- 
stone rests nearly conformably upon eroded Middle Cambrian dolomite in north- 
western Montana. 

The climate was warm, humid and uniform throughout the region during most of 
the Cambrian, but local aridity and possibly lower temperatures may have prevailed 
during the Croixan. 

INTRODUCTION 


GENERAL STATEMENT 


The writer first became seriously interested in the Cambrian geography 
and sediments of the central Cordilleran region in 1930 when he worked 
with Clapp (Clapp and Deiss, 1931, p. 673-695) on the Beltian rocks in 
western Montana. The discoveries that the Beltian sediments are at least 
50,000 feet thick, contain widespread thick and persistent limestones rich 
in Algae, and that within Montana, Idaho, Alberta, and British Columbia 
these sediments lie within the area occupied by Cambrian rocks clearly 
indicate that the central part at least of the Cordilleran geosyncline origi- 
nated long before the opening of the Paleozoic era. 

The field work on the Cambrian rocks and trilobites since 1931 in the 
region between eastern Nevada on the south and Alberta and British Co- 
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lumbia on the north has added a number of data which modify and refine 
our understanding of early Paleozoic geography and sedimentation in the 
central part of the Cordilleran trough. These new data were reported and 
tentatively interpreted for the isolated areas in which they occur (Deiss, 
1939a, p. 58-61; 1940, p. 785-790), but the complete evidence has not been 
assembled in any publication. The purpose of the present paper is to give 
a tentative interpretation of the available data which may clarify and 
enlarge the existing picture of the geography and sediments during Cam- 
brian time in the central part of the Cordilleran region. 


LOCATION OF AREA 


The part of the Cordilleran region under consideration lies between 
36° and 52° N. Lat. and 107° and 120° W. Long. (Fig. 1). The southern 
part of the area includes portions or all of Nevada, Utah, Wyoming, Idaho, 
Montana, and Washington, and the northern part includes southeastern 
British Columbia and southwestern Alberta. Of this area, nearly 225,000 
square miles, the most important part and the one with which this paper 
is chiefly concerned lies in western Montana, northern Idaho, northeastern 
Washington, southwestern Alberta, and southeastern British Columbia. 
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SUMMARY OF PREVIOUS PALEOGEOGRAPHIC WORK IN AREA 


The work of the early surveys in western United States under the direc- 
tion of Hayden, Powell, Wheeler, and King, and the work of McConnell 
(1887, p. 5-30) in Alberta and British Columbia supplied the evidence 
upon which Dana (1890, p. 41, 46-47) deduced the presence of the geosyn- 
cline which he called the “Western Interior sea.” Dana’s was the first 
description of the geosyncline which received marine waters throughout 
much of the Paleozoic era and which Walcott (1893, p. 312) later named 
the “Cordilleran sea.” 
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In 1907, Willis (1907, p. 399-400) pointed out the significant fact that 
the “Rocky Mountain trough,” as he called it, was divisible into deeper 
southern and northern parts. The former he named the Great Basin ele- 
ment, but the latter was discussed without being named. 

The following year Walcott (1908, p. 191) referred to the elevated or 
shallower part of the Cordilleran trough between the northern and 
southern parts as the Kintla uplift but later he changed the name to Mon- 
tana Island (Walcott, 1915, p. 197-198). The Montana Island, as will 
be shown in the following discussion, was part of the most important 
positive element (Montania) in the central part of the Cordilleran geo- 
syncline and exerted great influence on the distribution and character of 
the Cambrian sediments as well as upon the distribution of their contained 
organisms. 

In 1910 Schuchert (1910, p. 429-605) published Paleogeography of 
North America, a classic paper in which the negative and positive elements 
in North America were defined precisely. These definitions are in current 
use. In place of Willis’ “Great Basin element” Schuchert used the term 
“Great Basin area” (Figs. 1, 9) and in addition divided the central and 
northern parts of the Cordilleran sea respectively into the Rocky Moun- 
tain (Fig. 1) and Mackenzie basins. In doing so Schuchert (1910, p. 453- 
454) said: 

“The Cordilleran sea had several distinctive parts that must be named and defined 
for easy reference. The most persistent portion was the Great Basin area, well known 
since the work of King . . .. which embraced eastern Nevada, northwestern Utah, 
western Wyoming, southeastern Idaho, and the Inyo region of California. Accord- 
ing to King, there were 32,000 feet of Paleozoic sediments in this great syncline. As 
the faunas of this basin were decidedly Pacific in origin, it must have had free com- 
munication with the dominant ocean, seemingly through central California. South- 
ward the Great Basin was often in connection with the Sonoran sea by way of the 
Arizona basin. To the north this area passed into the Rocky Mountain basin of 
Wyoming and Montana (Dana, 1890, p. 46), and it frequently extended far into the 
north across Alberta, eastern British Columbia, and western Athabasca .. ., then 
uniting with the Pacific ocean by way of the Mackenzie basin. The latter extended 
along the valley of the Mackenzie river between Yukonia and Mackenzie.” 

Upon the above definitions the region under discussion is chiefly in the 
Rocky Mountain basin. 

Since Schuchert’s (1910, Pls. 48-100) maps were published, a number 
of textbooks of historical geology have either reproduced them or given 
similar ones. Most maps of the Cordilleran region published subsequent 
to 1910 have added little information. A number of men worked on the 
rocks and fossils in different parts of the Cordilleran region in the United 
States but added no new seaways or land areas. On the other hand, 
Walcott (1927, p. 147-169) described five subsidiary troughs in the Cana- 
dian Rockies. These troughs which lie in the northern-central part of 
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the Rocky Mountain Basin he named the Bow, Glacier Lake, Goodsir, 
Beaverfoot, and Sawback. As recently pointed out (Deiss, 1940, p. 785): 


“The picture . . . seems unnecessarily complex and is largely incorrect for the Lower 
and Middle Cambrian epochs because the conclusions reached are based upon too 
broad generalizations and insufficient or incorrect field data.” 
Nevertheless, Walcott’s paper is the most complete discussion of pre- 
Devonian sedimentation and paleogeography of the Canadian Rockies. 
In 1939 the distribution of the Middle and Upper Cambrian sediments 
in Montana was discussed, and new information concerning the Montana 
Island was given (Deiss, 1939a, p. 58-61). In the latest discussion of the 
Cambrian geography in the Central Cordilleran region (Deiss, 1940, p. 
785-790) sedimentation on the north side of the Montana Island was 
described, and the significance of the land mass was emphasized. 


LITHOLOGY OF CAMBRIAN SEDIMENTS IN AREA 
LOWER CAMBRIAN 


The Waucobian deposits are found only in the deeper parts of the 
Cordilleran geosyncline (Figs. 2, 3, 10). Those in the south occupy the 
Great Basin area in southeastern California, Nevada, and northwestern 
Utah. In the north the Waucobian sediments are reported from western 
Alberta and eastern British Columbia but they also extended as far south 
as Colville, Washington (Figs. 3, 7b). 

The Lower Cambrian sediments are predominantly clastic and, there- 
fore, are in contrast with those of the Middle and Upper Cambrian. In 
the Waucoba Springs area of southeastern California, the basal 3550 feet 
of beds contains Olenellus and consists of alternating sandstone, shale, and 
arenaceous limestone (Walcott, 1908, p. 186-188). In the Highland 
Range of eastern Nevada the Lower Cambrian consists of approximately 
1000 feet of rusty-tan medium- to coarse-grained quartzitic sandstone 
(Prospect Mountain formation) plus 600 feet of drab-green and tan, 
fissile, micaceous, arenaceous, and pure shales interbedded with occasional 
thin zones of impure fossiliferous limestone (Deiss, 1938, p. 1155-1156). 
Similar rocks form the basal part of the Eureka section (Wheeler and 
Lemmon, 1939, p. 17-18). In the House Range of western Utah the Lower 
Cambrian consists of 1000 feet of green, tan, and red, coarse- to medium- 
grained, cross-bedded, thick- and thin-bedded quartzite overlain by 265 
feet of interbedded sandstone and shale, and at the top 165 feet of inter- 
bedded limestone and shale (Deiss, 1938, p. 1138-1141). In Cotton Wood 
Canyon southeast of Salt Lake City and on Promontory Point on the 
north side of Great Salt Lake (Resser, 1939, p. 6) are the most eastern 
and northern occurrences known of undoubted Lower Cambrian rocks in 
southwestern United States (Fig. 3). Here also the sediments consist 
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predominantly of coarse and fine detrital materials interbedded with thin 
limestones. In every Lower Cambrian section studied by the writer the 
sandstones contain more or less intercalated thin and irregularly developed 
quartz-pebble conglomerates. 

The basal Waucobian deposits are astonishingly similar in lithic compo- 
sition throughout the Great Basin area and clearly represent the erosion 
products carried by streams from the isolated granitic areas to. the east 
and north re-sorted by wave action in the transgressing sea. This sea 
apparently entered from southern California early in the epoch (Fig. 2) 
but did not reach northern Utah until near the close of the Lower Cam- 
brian (Figs. 3,10). How much, if any, of these basal Cambrian sediments 
was deposited on the land is unknown. However, the cross-bedding, local 
concentration of rounded pebbles, and the absence of fossils throughout 
large thicknesses of the beds strongly suggest that much of the sediment 
may have been laid down by aggrading streams. At a later date these 
deposits were partly reworked by the advancing Waucobian sea. The 
base of the Cambrian is unexposed in each of the above-mentioned sec- 
tions. Therefore, the thickness of the Lower Cambrian rocks in the area 
is undetermined. 

In Alberta and British Columbia along the northern margin of the area 
under consideration the Lower Cambrian is also represented by a pre- 
ponderance of clastic sediments. In the vicinity of Lake Louise at Ptar- 
migan Peak, Alberta (Deiss, 1939b, p. 980-985), the Lower Cambrian 
consists of a basal pebbly conglomerate interbedded and overlain by 
arenaceous shales and cross-bedded, coarse- to medium-grained, thick- 
and thin-bedded, more or less micaceous and limonitic sandstones. These 
detrital materials grade upward into calcareous shales and finally into 
thin-bedded argillaceous and pure limestone. The total thickness of the 
Lower Cambrian on Ptarmigan Peak is 1955 feet. At Mount Assiniboine, 
47 miles southeast of Ptarmigan Peak, the Lower Cambrian is repre- 
sented by 1235 feet of conglomerate, and interbedded sandstone and shale, 
the upper beds of limestone being absent (Deiss, 1940, p. 762-765). In 
both sections the Lower Cambrian rocks rest disconformably upon Beltian 
(Hector) shale. Consequently, the total thickness of the Lower Cambrian 
is known to be considerably less than that in the Great Basin area (Fig. 
10b-d). 


MIDDLE CAMBRIAN 


In the Great Basin area and in the northern part of the Rocky Moun- 
tain Basin the Middle Cambrian is generally marked by a basal limestone 
or'dolomite (Howell limestone and Langston dolomite in the House Range 
and Bear River Range of Utah; Ptarmigan limestone and Cathedral dolo- 
mite in the Canadian Rockies). In the central part of the Great Basin, 
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however, the base of the Albertan series is the Comet shale (Deiss, 1938, 
p. 1160), and in the Assiniboine region of British Columbia the Middle 
Cambrian begins with shales and sandstones which grade upward into 
impure siliceous and argillaceous limestones (Deiss, 1940, p. 761-762). 

Conditions in the early Albertan in Wyoming, northern Idaho, and all 
of Montana were similar to those in the Waucobian to the north and south 
because the earliest Albertan deposits are pebbly conglomerates or cross- 
bedded, coarse-grained sandstones which everywhere pass upward into fos- 
siliferous green, tan, and maroon, micaceous, and pure shales. These are 
the Flathead sandstone and Wolsey shale of Montana (Deiss, 1936, p. 
1326-1328), the Depass formation of Wyoming (Deiss, 1938, p. 1102- 
1104), and the Gold Creek quartzite and Rennie shale of Idaho (Resser, 
1938, p. 2-3). 

The upper 50 to 75 per cent of the Middle Cambrian consists of lime- 
stone and dolomite everywhere in the Cordilleran trough, but relatively 
thin shale intervals occur locally in the upper-middle part of the sections. 


UPPER CAMBRIAN 


The Upper like the Middle Cambrian in the Great Basin and Canadian 
areas consists predominantly of thick- and thin-bedded limestone and 
dolomite, and occasional intercalated intervals of shale and rarer sand- 
stone. Walcott (1908, p. 173-178) reported 4705 feet of beds in the House 
Range of Utah now assigned to the Upper Cambrian. East of the Cordil- 
leran geosyncline the Croixan sediments are thinner, and the lower part 
of the series is more clastic. In central Montana, for example, the Upper 
Cambrian consists of approximately 675 feet of alternating green fissile 
shales, intraformational conglomerates, and thin argillaceous limestones 
which grade upward into purer thicker-bedded limestone (Deiss, 1936, 
p. 1290-1291). The thinness of the Croixan rocks in Montana (Fig. 7d) 
and Wyoming, the numerous horizons of intraformational conglomerate, 
the large amount of clastic sediments, and the lithologic variations within 
short horizontal distances indicate that these sediments were deposited in 
shallow oscillating epeiric seas which bordered the east side of the Rocky 
Mountain Basin. 

The Upper Cambrian stratigraphy of Canada is not well understood. 
Walcott (1928, p. 342-347) reported more than 5000 feet of Croixan rocks 
in the Glacier Lake area of Alberta and more than 2500 feet on Mount 
Bosworth (Walcott, 1928, p. 309-311). These rocks are limestone dolo- 
mite and interbedded shale, and at the base green, maroon and tan arena- 
ceous shale and dolomite (Arctomys formation). In the Field map area 
south and west of Mount Bosworth, Allan (1912, p. 60) stated that the 
Chancellor and Ottertail formations are younger than the Upper Cam- 
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brian on Mount Bosworth, total 6225 feet in thickness, and consists of red 
and gray argillite and shale (Chancellor) overlain by massive limestones 
and intercalated chert and shale bands (Ottertail). 


POST-BELTIAN—PRE-CAMBRIAN EROSION SURFACE 


At the close of Beltian time the 50,000 feet or more of Beltian sediments 
deposited in the central part of the Rocky Mountain Basin was elevated 
possibly more than 20,000 feet in Montana (Deiss, 1935, p. 106). Similar 
elevation, but of less magnitude, took place in Alberta (Walcott, 1910b, 
p. 426) where the discordance of dip between the Beltian (Hector) shale 
and Cambrian sandstone (Fort Mountain) is slight. South of Montana 
local folding and faulting accompanied the post-Beltian diastrophism in 
the Grand Canyon region (Hinds, 1935, p. 49). 

The result of the post-Beltian uplift was the immediate removal of vast 
thicknesses of the soft Beltian detritals which must have been only slightly 
consolidated. In Montana at least 20,000 feet of sandstones, shales, and 
limestones was removed before the opening of the Middle Cambrian 
(Deiss, 1935, p. 123). In the Wasatch Range in eastern Utah “a removal 
of 12,000 feet of Algonkian [Beltian] beds took place” (Hinds, 1935, p. 
40). North of Montana in southwestern Alberta and southeastern British 
Columbia the thickness of rocks removed by erosion is unknown. 

Because in most of the known sections in the Great Basin area the Cam- 
brian—pre-Cambrian contact is not exposed the character of the land 
surface over which the Lower Cambrian sea transgressed is unknown. 
Walcott (1910b, p. 426) described the surface in the vicinity of Bow 
Valley, Alberta, as “more or less irregular . . . with low hills and broad 
level spaces covered with a deep mantle of disintegrated rock.” In Mon- 
tana the pre-Cambrian land surface was reduced essentially to a pene- 
plane (Deiss, 1939a, p. 58) which truncated the Archean igneous masses 
to the east as well as the upturned Beltian strata. Hinds (1935, p. 23-49) 
gave an excellent summary of the literature dealing with the “Ep-Algon- 
kian landscape” and concluded that: 


“The Ep-Algonkian surface bevels both Archean and Algonkian rocks, for in places 
no Algonkian had been deposited, while in others it had been removed by erosion. 
In general, the Ep-Algonkian surface possessed somewhat greater relief than the Ep- 
Archean even where it transgresses the weakest of the Algonkian sediments. None 
the less, large areas of relatively featureless plains existed, hence extensive pene- 
planation followed deposition of Algonkian strata.” 


The peneplane attained its maximum elevation within the Cordilleran 
trough during the Waucobian epoch between northern Utah and south- 
eastern British Columbia (Deiss, 1940, p. 786-789). This region, more 
than 550 miles in length, remained above water throughout the epoch. 
Lower Cambrian sediments, therefore, were never deposited in Montana, 
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Idaho, and Wyoming (Figs. 3,10). The elevated area within the trough 
marks the first appearance of the “Montana Island” of Walcott (1915, 


p. 197-198). 
LAND AREAS DURING CAMBRIAN TIME 


GENERAL STATEMENT 


The relationships of the smaller positive elements or land areas which 
were eroded to furnish the sediments deposited in the different basins 
which comprised the Cordilleran geosyncline were not constant through- 
out the Cambrian. Particularly is this true of the most important land 
area, Montania (Figs. 3, 4, 5, 7, 10). The larger land masses which 
formed the east and especially the west sides of the trough were fairly 
constant during the period. In contrast with the eastern land area the 
western one remained above sea level until late in the Paleozoic era 


(Figs. 6, 7). 
CASCADIA 


Dana (1890, p. 45) first recognized that an ancient land mass must 
have existed in western North America from which the Paleozoic sedi- 
ments were derived (Figs. 1, 4,5). Willis (1907, p. 396-398) called this 
mass the Pacific element, concerning which he said: 


“Although it is well known that the metamorphic schists of the western part of the 
Cordillera are in considerable part of Paleozoic age and are not lightly to be reckoned 
as an ancient pre-Cambrian gneiss whose presence at the surface would indicate pro- 
nounced elevation, nevertheless the sediments derived from a western land and 
deposited in pre-Paleozoic or Paleozoic seas prove the existence of a positive con- 
tinental element in the Pacific region. Traced southward through British Columbia 
into Western Montana, the old land area is lost under the post-Paleozoic intrusives 
and Tertiary volcanics of Idaho and Oregon. South of the Snake River flows it ap- 
pears to have occupied western Nevada and northern California, including possibly 


the Klamath Mountain region.” 

Schuchert followed Dana’s terminology and coined the name Cascadia 
for this early Paleozoic land mass. The name Cascadia has continued in 
current use and is the term used here to indicate the land mass whose 
central part furnished much of the Cambrian sediments in the area under 
consideration (Figs. 4, 6, 7, 8). In defining Cascadia Schuchert (1910, 
p. 469) said: “Various geologists have included Cascadia in the Rocky 
Mountain or Cordilleran land. . . .” During the early Paleozoic Cas- 
cadia apparently was a continuous land area from the Pacific Ocean to 
eastern British Columbia, eastern Washington and Oregon, and north- 
western Nevada (Fig. 1). Throughout the Lower Cambrian, Cascadia 
was united with the western part of Laurentia by an upland nearly 550 
miles in width (Figs. 2,3). At the beginning of the Cambrian, Cascadia 
seems to have been composed of Beltian sandstones and shales through 
which projected local masses of Archean granite and gneiss. The Archean 
holoerystalline rocks and quartz-veins, and possibly pegmatites intruded 
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into the Belt rocks furnished part of the quartz pebbles in the Lower Cam- 
brian sandstones in the western part of the Cordilleran geosyncline. 
LAURENTIA 


The northern half of the east side of the Rocky Mountain Basin was 
bounded by the western edge of the land mass Laurentia (Figs. 1, 6), 


Ficure 1—Synthetic map of Cambrian seaways in central Cordilleran region 


named by Williams (1897, p. 394-395), but first described by Dana (1856, 
p. 342). The granites, gneisses, and schists of which Laurentia is com- 
posed are now buried beneath Paleozoic and Mesozoic sediments in eastern 
Alberta and north-central Montana but are exposed in the isolated moun- 
tain-uplifts in central and southern Montana. These Archean rocks prob- 
ably furnished the white and tan quartz pebbles characteristic of the 
Flathead sandstone which forms the base of the Cambrian system in that 
State (Deiss, 1935, p. 116). During the Cambrian, Cascadia and Lau- 
rentia furnished most of the sediments deposited in the northern part of 
the Rocky Mountain Basin, except those eroded from Montania. 


| 
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South of Montana the east side of the trough was bounded by a south- 
western extension of Laurentia into Wyoming, Colorado, and Utah. This 
land mass Willis (1907, p. 398) called the “Rocky Mountain element,” 
and Schuchert later named “Utah.” In doing so, Schuchert (1910, p. 474) 
said: 

“Utah—A small positive Paleozoic element, constant in eastern Utah, but spread- 
ing variously at different times, and was often but a western extension of Siouxia. 
When of smallest area it lay between the Great basin and Ouray basin. Willis in- 
cluded Utah in his ‘Rocky Mountain element,’ . . . also called ‘Colorado’ . . .” 
The field evidence indicates that Laurentia was continuous with Siouxia 
(Schuchert, 1910, Pl. 49) throughout Lower and Middle Cambrian time 
but was separated from it during the Upper Cambrian when Utahia may 
have been an island (Fig. 9). 

During the Middle Cambrian, when the Paleozoic seas first were con- 
tinuous throughout the Rocky Mountain Basin (Fig. 4), the eastern shore 
of the basin was near the 107th meridian in Montana and central Wyom- 
ing, extended southwest through eastern Utah, and from northern Mon- 
tana northwest through Alberta. 


MONTANIA 


The first published indication that a positive element was present within 
the central Cordilleran trough was given by Willis (1907, p. 399) in these 
words: 


“Between the Great basin of Nevada and southern Idaho, there lies in central Idaho 

and western Montana a district in which the great thicknesses of pre-Paleozoic and 
Paleozoic sediments appear to be wanting. The trough is thus apparently divided 
into a southern and a northern part.” 
Walcott (1908, p. 191) first named this element the Kintla Uplift but in 
doing so he stated that the “uplift” was in northwestern Montana along 
the 49th parallel, whereas Willis thought the land area was in central 
Idaho and central western Montana. It was not until 1915 that the posi- 
tive element was described and more precisely defined. Walcott (1915, p. 
197-198) described the element as the “Montana Island” (instead of 
“Kintla uplift”) and located it between the south end of the Lewis and 
Clark Range in northwestern Montana and Crow’s Nest Pass in southern 
Alberta and British Columbia, and between the Lewis overthrust (Willis, 
1902, p. 331-336) on the east and the North Fork of Flathead River on the 
west. 

Field work in the Cordilleran region since 1931 has added many details 
concerning the distribution and ages of the Cambrian formations and 
trilobites in relation to the positive element and has shown that the land 
mass was much larger at times than was reported or understood, was in 
existence from earliest Cambrian to Middle? or Late Devonian, and that 
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its role in the geography and sedimentation during Early and Middle 
Paleozoic time was, therefore, much more significant than had been sus- 
pected. The first new field evidence obtained in Montana concerning the 
land mass was published in connection with the Cambrian geography and 
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Ficure 2—Map of early Waucobian lands and seaways in central Cordilleran region 


sedimentation in Montana (Deiss, 1939a, p. 58-61). The following year 
(Deiss, 1940, p. 786) the “Montana Island” was again discussed in rela- 
tion to sedimentation along its northern and western sides in Alberta, Bri- 
tish Columbia, Idaho, and Washington. In that paper the fact was noted 
that the name “Montana Island” creates a false picture because through- 
out most of its history the land mass was not an island. Evidence now 
available indicates that the land mass also was not a small local element 
but that at times it was more than 50,000 square miles in area (Figs. 2, 7, 
10). It existed also, much longer than had been known, being a dynamic 
element from the close of the Beltian to at least the Middle and more 
probably the Upper Devonian (Figs. 7e, 10e). In light of these facts the 
name “Montana Island” is even less applicable than before. Because this 
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positive element ranks with others of short duration such as the Cincinnati 
axis, Kankakeia, and Missouria, it is named Montania. The name recalls 
“Montana Island”. Much of the land and usually its maximum elevation 
was in the western part of Montana, and the name Montania is in con- 
formity with the current nomenclature for such positive elements. The 
“Kintla Uplift” or “Montana Island” of Walcott (1908, p. 191; 1915, p. 
197-198) apply to Montania only during the Middle Cambrian (Fig. 4). 

During early Waucobian, Montania extended from the 39th parallel 
northward to approximately the 50th parallel (Figs. 2, 10a) but by the 
close of the epoch it was considerably shortened (Figs. 3, 10b). Through- 
out this distance Cascadia was united to Laurentia except in the area of 
the Colville embayment in northeastern Washington. In the Middle 
Cambrian only the northwestern part of Montana and probably northern 
Idaho were above water so that at the maximum inundation Montania was 
truly an island (Figs. 4, 7c, 10¢c). During Upper Cambrian Montania 
seems to have been a broad eastern peninsula of Cascadia which extended 
from the International Boundary southward through Idaho and western 
Montana to the vicinity of the north end of the Big Belt Mountains (Fig. 
5). The area was enlarged at the end of the Cambrian so that throughout 
the Ordovician, Silurian, and Lower Devonian the eastern edge of Mon- 
tonia was just west of the 109th meridian in Montana (Fig. 7e). Either at 
the end of the Lower or Middle Devonian marine waters again covered 
Montania, but after Mississippian northwestern Montana and northern 
Idaho were again a land area, probably a peninsula of Cascadia, until the 
late Jurassic (Callovian or Divesian) period. In the most positive part of 
Montania (northwestern Montana and northern Idaho) the only submer- 
gences were in the Middle Cambrian, Middle? or Late Devonian, Missis- 
sippian, Late Jurassic, and Late Cretaceous. During the remainder of 
post-Beltian time Montania was above sea level. The Cambrian sedi- 
ments along the shores of Montania were either muds (rarely sands) or 
shaly limestones, indicating that highlands were not present on Montania 
except temporarily in the northern part where the basal Gog conglomerate 
(Deiss, 1940, p. 789) was deposited locally at the beginning of the Al- 
bertan. 

LOWER CAMBRIAN SEAWAYS 
GENERAL STATEMENT 


The areas covered by marine waters during the different Cambrian 
epochs varied considerably (Figs. 2-5). Descriptions of these seaways for 
any one epoch would not apply to the others and, therefore, the local basins 
or seaways which existed in the central Cordilleran region in each of the 
epochs are discussed separately. 
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GREAT BASIN AREA 


During the Waucobian epoch the Great Basin area was bounded on the 
north by Montania whose southern edge (Fig. 3) was near the Idaho-Utah 
State line. Marine waters entered long before Olenellus time in the south- 
western part of the basin (Fig. 2), in the vicinity of the Inyo Mountains 
(Walcott, 1908, p. 185) and Nopah Mountains (Hazzard, 1938, p. 299- 
312), California. The sea transgressed northeastward and shortly before 
the close of the epoch reached northern Utah in the vicinity of Promontory 
Point. Walcott (1927, p. 162) and Resser (1939, p. 6) suggested that an 
arm of the Great Basin sea extended northward to connect with the Wauco- 
bian sea in southeastern British Columbia and northeastern Washington 
(Colville embayment). Because Waucobian fossils have never been found 
in Idaho, Montana, and Washington south of the Colville area the writer 
recently suggested that: 


“there is no evidence that the Lower Cambrian sea ever invaded Montana and Idaho, 
or that marine waters were continuous from Canada to Utah during the Waucobian 
epoch” (Deiss, 1940, p. 788). 

All available evidence shows that the Great Basin sea was smallest in 
the Lower Cambrian and that it gradually deepened and widened eastward 
until early in the Middle Cambrian (Fig. 4) when its waters also trans- 
gressed northeastward through southeastern Idaho (Mansfield, 1927, p. 
179-180; Deiss, 1938, p. 1119), northwestern Wyoming (Deiss, 1938, p. 
1091), and western Montana (Deiss, 1939a, p. 59-60). Evidence has not 
been found which indicates that the sea withdrew from the Cordilleran 
geosyncline at the end of the Waucobian or Albertan epochs. More de- 
tailed work by future investigators may reveal breaks in sedimentation at 
these horizons, but at present the evidence suggests that deposition in the 
Cordilleran province was continuous throughout the Cambrian. The seas, 
of course, were more or less oscillatory in the different basins, and such 
fluctuations produced the minor hiatuses recognized locally in different 
parts of the Cordilleran region. 


ROCKY MOUNTAIN BASIN 


General statement —The Rocky Mountain Basin of Schuchert was not 
in existence in Montana and Idaho during the Waucobian because this 
area was part of the land mass Montania (Fig. 3). Exactly where the 
boundary should be drawn between the Mackenzie and the Rocky Moun- 
tain basins is unknown, but the northern part of the area under considera- 
tion (central Cordilleran region) clearly lay in the northern part of the 
Rocky Mountain Basin as Schuchert (1910, p. 454) defined it: 


“To the north this area [Great Basin] passed into the Rocky Mountain basin of 
Wyoming and Montana (Dana, 1890, p. 46), and it frequently extended far into the 
north across Alberta, eastern British Columbia, and western Athabasca [northern 
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Rocky Mountain trough of Willis, (1907, page 399)], then uniting with the Pacific 
ocean by way of the Mackenzie basin. The latter extended along the valley of the 
Mackenzie River between Yukonia and Mackenzia.” 

The northern part of the central Cordilleran region that was sub- 
merged in the Lower Cambrian is in the southern part of the Canadian 
Rockies in southeastern British Columbia and southwestern Alberta 
(Figs. 2,3). Walcott (1927, Pl. 25) divided the Cordilleran geosyncline 
between the 50th and 54th parallels into five troughs. Of these the only 
one extant in the Lower Cambrian was the Bow trough which Walcott 
(1927, p. 158) described as follows: 


“The area considered to have been included in the Bow Trough now has a width 

. . of about 40 miles (64.4 km.). The trough was narrow and confined to the eastern 
portion of the Cordilleran Geosyncline when the waters of Lower Cambrian time first 
flooded it and began to deposit siliceous silts and fine sands derived from the pre- 
Cambrian Beltian rocks on the gently sloping eastern shores of the seaway and 
brought into it by tributary streams.” 

The suggestion was recently made (Deiss, 1940, p. 785) that the 
picture of five troughs in the northern Rocky Mountain region appears to 
be too complex and is in part based upon broad generalizations derived 
from doubtfully established field data. Because most of the five troughs 
were not extended into the area under consideration they will not be 
discussed further. 

Marine waters entered the Rocky Mountain Basin north of Montania 
from the Mackenzie Basin and spread southward over the irregularly 
peneplaned Beltian sandstones and shales (Fig. 2) which formed the sea 
floor between Mount Robson and Mount Assiniboine. Detrital materials 
were deposited in this sea to thicknesses of approximately 3000 feet in the 
north at Mount Robson (Walcott, 1928, p. 365), 1600 feet in the central 
part of the area at Ptarmigan Peak (Deiss, 1939b, p. 983-985), and 
1200 feet in the southern part of the basin at Mount Assiniboine (Deiss, 
1940, p. 766, Fig. 3). The northern transgression may have started in the 
Mackenzie Basin at approximately the same time in the early Waucobian 
that the southwestern part of the Great Basin area was invaded, but 
the northern sea did not reach the 50th parallel until late in the epoch 
(Figs. 3,6). This fact is shown by the thinner Lower Cambrian sections 
and the relatively high stratigraphic position of the Olenellus zone (above 
the clastic formations). During the later Waucobian the waters cleared 
slowly and in them were deposited the muds and calcareous oozes of the 
Mount Whyte formation. However, in the southern part of the basin 
near the north shore of Montania, sand and other detritus continued to 
be deposited until the close of the epoch (Deiss, 1940, p. 789). 


Colville embayment.—The southern shore of this sea in the eastern 
part of the Rocky Mountain Basin during Olenellus time was somewhere 
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just south of Mount Assiniboine near the parallel 50°30’. Before the 
advent of Olenellus and continuing throughout the remainder of the Wau- 
cobian a narrow arm of the sea extended southward along the west side 
of the Rocky Mountain Basin. The eastern shore of this embayment 


Ficure 3—Map of late Waucobian lands and seaways in central Cordilleran region 


extended southward from the Assiniboine region, passed between Elko and 
Cranbrook, British Columbia, and thence southwestward to Colville, 
Washington. This shore line probably crossed the International Boundary 
(49th parallel) near the Idaho-Washington State line (Fig. 3). The 
position of the western shore of this embayment is unknown but it prob- 
ably was between 20 and 30 miles west of and parallel with the eastern 
shore. 

This narrow southwestern embayment of the northern Rocky Moun- 
tain Basin existed only during the Waucobian epoch, was bounded on 
the east by Montania and on the south and west by Cascadia, and is 
named the Colville embayment (Fig. 7). The oldest Cambrian sedi- 
ments in the southern part of the embayment near Colville are unknown, 
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but in that region during Olenellus time limestones were deposited, while 
dark muds were laid down to the northeast near Cranbrook, British 
Columbia. The basal Cambrian sediments near Cranbrook are coarse- 
and fine-grained conglomerates and sandstones (Schofield, 1922, p. 12). 
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Ficure 4.—Map of Albertan lands and seaways in central Cordilleran region 


These sediments suggest that near the medial part of the embayment 
uplands were present along northwestern Montania and eastern Cascadia 
during the early part of the Waucobian, but by the close of the epoch 
these lands had been reduced nearly to base level (Fig. 7a-b). 


MIDDLE CAMBRIAN SEAWAYS 
GENERAL STATEMENT 


In the Albertan more of Montania was submerged than at any other 
time in the early Paleozoic (Fig. 4). Toward the close of the epoch the 
only part of Montania above water was an island which in Montana 
lay between the Canadian boundary and the south end of Glacier Park 
(United States) just south of Marias Pass over the Continental Divide 
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(Figs. 4,10c). The east edge of the island was west of the 113th meridian 
in northwestern Montana and extended westward just north of the 48th 
parallel one degree of longitude and then south to the 46th parallel. The 
south shore lay somewhere in central Idaho, from which point the west 
shore extended northward near the 116th meridian to Pend Oreille Lake 
where it curved slightly east and then north to the International Boundary 
(Fig. 4). Thus the “Montana Island” during its minimum size in the late 
Albertan appears to have been considerably larger than was originally 
believed by Walcott (1915, p. 197-198). 


ROCKY MOUNTAIN BASIN 


General statement—During the Middle Cambrian the Rocky Moun- 
tain Basin was divided by Montania into three subsidiary basins which 
were only partly separated. North of Montania the waters received 
slightly thicker sediments than did the region immediately to the south, 
and in the vicinity of Mount Bosworth 2860 feet of dolomites, limestones, 
and shales was deposited (Deiss, 1940, p. 748). In southeastern Idaho 
_and northeastern Utah the basin was much deepened as into its shallow 
waters 4880 feet and 5860 feet respectively of detritus and carbonates was 
laid down (Mansfield, 1927, p. 51-52; Deiss, 1938, p. 1117). West of 
Montania in north-central Idaho a narrow trough (Idaho strait, Fig. 4) 
received 600 feet or more of sands, muds, and limes (Sampson, 1928, 
p. 9-10), and east of the land mass in the Lewis and Clark Range of 
northwestern Montana the principal trough (Eastem, Rocky Mountain 
Basin, Figs. 4, 7c) in the central part of the Rocky Mountain region re- 
ceived 2230 feet of sands, muds, and carbonates (Deiss, 1939a, p. 34). 

At the opening of the Albertan the seas in the north and south ad- 
vanced simultaneously, indicating that Montania was uniformly de- 
pressed (Fig. 10c). The waters were clear in the northern part of the basin 
near Ptarmigan Peak and Castle Mountain, Alberta (Deiss, 1939b, p. 
970, 980) where calcium and magnesium carbonates were deposited. 
Along the north shore of Montania south of Castle Mountain gravels and 
sands were deposited during the early Albertan, but later in the epoch 
the waters cleared, and chemical and organic precipitates became the 
principal deposits. This sea transgressed as far south as the Interna- 
tional Boundary in the southern part of Waterton Lakes Park (Hume, 
1933, p. 6-7) where several hundred feet of sands and muds was laid down. 
The clastic nature of these deposits and the absence of Cambrian rocks 
to the south in Glacier National Park strongly suggest that the north 
shore of Montania was near the 49th parallel during the Albertan. 


Idaho strait—The Great Basin sea transgressed southeastern Idaho at 
the opening of the Middle Cambrian (Kochaspis time) and reached north- 
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western Montana shortly thereafter (Albertella time). This sea was 
separated by Montania but continued to advance northward on the east 
and west sides of the land mass (Figs. 4, 7c). Everywhere in this sea were 
deposited basal sands and local gravels which represented both the re- 
worked regolith weathered from the underlying Beltian and Archean rocks, 
and the sands and pebbles transported by streams from Cascadia and 
Laurentia. 

In northern Idaho near Pend Oreille Lake the basal sands attained 
a thickness of at least 400 feet (Sampson, 1928, p. 9) and above them were 
deposited 50 to 75 feet of muds which contain Albertella (Resser, 1938, 
p. 6). The upper deposits are carbonates and contain a Late-Middle 
Albertan assemblage of trilobites. This sea spread northward and 
united with the waters from British Columbia in the Middle or Late- 
Middle part of the Albertan when the sea extended as far west as Metal- 
line Falls, Washington. This western channel appears to have existed 
only during part of the Middle Cambrian and is named the Idaho strait 
(Fig. 


Eastern Rocky Mountain Basin—East of Montania the sea trans- 
gressed eastward over the peneplaned western edge of Laurentia, and in 
it was deposited the Flathead sandstone of Montana (Deiss, 1936, p. 1326- 
1328). As the sea quickly spread eastward it reworked the regolith and 
the sands brought in by streams, thus depositing a continuous spread 
of sand from west to east (Deiss, 1939a, p. 60). Consequently the basal 
Albertan in Montana becomes progressively younger eastward in the 
same way that the basal Waucobian sandstone does northward in the 
Great Basin area and southward in the Rocky Mountain Basin in south- 
ern Alberta and British Columbia. Because the axis of the Eastern Rocky 
Mountain Basin (Fig. 1) was closed to Montania in the Middle Cambrian 
the sediments are thickest in the west (2230 feet) and thin eastward 
until in the Big Snowy Mountains they total only 470 feet (Deiss, 1936, 
p. 1294) in thickness (Fig. 7c). 

The eastern edge of the geosyncline proper, in northern Montana, was 
close to the meridian 112° 30’ because east of this line the sediments 
become more clastic, contain a larger number of intraformational con- 
glomerates, and are much thinner. These facts indicate that the waters 
east of 112° 30’ were an epciric sea which transgressed eastward until in 
the Upper Cambrian this sea stretched entirely across the north-central 
part of the United States (Fig. 5). The great proportion of carbonates in 
northwestern Montana indicate that Montania was lying nearly at sea 
level during most of the Albertan. 
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UPPER CAMBRIAN SEAWAYS 
GENERAL STATEMENT 


Before the opening of the Croixan epoch the western part of Montania 
was elevated in eastern Washington, northern Idaho, northwestern Mon- 


i 
yet 
i 
: 
on = } 
rs ; ‘ Geosyncline 
: Epeiric seas 
ie on the forelond | 
: 


Ficure 5—Map of Croizan lands and seaways in central Cordilleran region 


tana, and probably in the contiguous part of British Columbia and Al- 
berta to the north (Fig. 5) At the same time central Idaho probably 
was also elevated and furnished part of the basal Croixan sands in the 
southeastern part of the State and in northeastern Utah. This epirogenic 
movement obliterated the Idaho strait and shifted the west shore of the 
central part of the Rocky Mountain Basin eastward in northern Mon- 
tana (Fig. 7d). Consequently, throughout the Croixan, Montania was 
again enlarged and was a broad blunt peninsula projecting from the east 
side of Cascadia. At the beginning of the Croixan this peninsula termi- 
nated along the 47th parallel near the 112th meridian, but by the close 
of the epoch the land extended nearly 100 miles farther east. 
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Ficure 6.—Diagrammatic sections along 51st parallel 
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Ficure 7—Diagrammatic sections along 48th parallel 


ROCKY MOUNTAIN BASIN 


General statement.—South of the 47th parallel the west shore of the 
Rocky Mountain sea curved southwest beyond Philipsburg, Montana, 
then south-southeast to the 112th meridian north of Pocatello, Idaho, 
and continued southwest into Nevada, crossing the 42nd parallel near 
the Nevada-Utah boundary (Fig. 5). North of the International Bound- 
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Ficure 8—Diagrammatic sections along 40th parallel 


ary the west shore extended northwest through Alberta near the 113th 
meridian to or slightly beyond the 50th parallel where it curved sharply 
west to the 116th meridian and thence northwest to beyond Golden, 
British Columbia. 

Southern region —In northeastern Utah, the contiguous land mass was 


somewhat elevated, and a few arenaceous beds were deposited. In south- 
eastern Idaho several hundred feet of sands was brought into the basin 
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Ficure 9.—Diagrammatic sections along 36th parallel 


early in the Croixan. Mansfield (1927, p. 180-181) described the geog- 
raphy of this region as follows: 


“The beginning of the Upper Cambrian was marked by a somewhat more pro- 
nounced diastrophic movement than the movements which had occurred during the 
preceding epochs. The conditions that produced the massive beds of the Nounan 
limestone gave way to those that favored the deposition of 200 feet or more of sand, 
which now constitutes the Worm Creek quartzite member of the St. Charles forma- 
tion. The volume of the epicontinental sea was thus diminished, and degradational 
activities on contributing lands increased sufficiently to supply large volumes of sandy 
waste. The grades, however, remained moderate, for no conglomeratic material was 
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furnished. With the ensuing gradual subsidence of the geosyncline erosional activi- 
ties diminished and with lower grades the limestone-making conditions were resumed 
and continued in southeastern Idaho probably till the close of the period, though, 
as in the Middle Cambrian, there were minor diastrophic fluctuations.” 


Central-eastern region.—In Montana the elevation of Montania in the 
western part of the State greatly changed the seaway after the Albertan 
(Fig. 7c-d). The conditions during the Upper Cambrian in Montana 
were described as follows (Deiss, 1939a, p. 60-61): 


“The region south of the Montana Island, which received thick deposits in Albertan 
time, was elevated before the Croixan sea invaded the State and was eroded during 
the Upper Cambrian. The eastern area which had been less important in the Albertan 
picture became the one which experienced the marine events of the Croixan. 

“The elevation began in the west shortly after the latest Albertan limestone was 
deposited in northwestern Montana and continued progressively throughout the 
epoch. At the beginning of the Croixan invasion the west shore of the Cordilleran 
trough (Rocky Mountain Basin) was between the Big Belt Mountains and the Dear- 
born River. The elevation of the Croixan sea bottom continued from west to east 
during the Dresbach and Franconia until early in the Trempealeau the sea was 
restricted to the central eastern and southern parts of the State. The results are 
that the Upper Cambrian sediments thicken eastward in much the same way that 
those of the Middle Cambrian thicken westward, and they contain younger faunas 
progressively to the east. 

“Deposition of red, green, and buff mudstones and shales was characteristic of the 
shoaling phase of the Croixan sea.... The red-bed phase . . . migrated eastward 
as the western part of Montana was elevated and the waters were restricted to the 
eastern basin. That the elevation in the west was not large is shown by the wide- 
spread and relatively thin but uniform distribution of the red beds. If elevation had 
been great these soft red shales and mudstones would have been removed.” 


In criticism of the suggestion that the western region was continually 


elevated, Dr. M. M. Knechtel (personal communication) suggested 
that: 


“Elevation of the western area is not a necessary assumption. Less active sedi- 
mentation induced by a reduction in the rate of downwarping in that area would 
seemingly account for the small thickness of the Dry Creek (red beds) as compared 
with its time equivalents to the east where presumably sinking continued at a rapid 
rate for some time longer before the red-bed phase set in.” 

Knechtel’s point is well taken, and very possibly the eastward migration 
of the red beds at the top of the Croixan deposits represent a spread 
of red calcareous muds eastward from Montania which did not continue 
to rise after its slight uplift at the beginning of the Croixan. Instead, 
these muds were deposited along the retreating shore because the basin 
was progressively filled to sea level from the west. 

In southern Montana and northern Wyoming another Upper Cambrian 
basin existed. In describing the “Southern Montana Basin” Dorf 
and Lochman (1940, p. 551-552) state: 

“Central Montana and southern Montana apparently were contiguous open basins 
of sedimentation during the Upper Cambrian for the same faunal zones and the same 
faunal assemblages are found in both. The major element responsible for the develop- 


ment of different lithologic units in the two regions was the greater distance of the 
southern basin from the Cambrian mainland.” 
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Northern region—North of Montania in western Alberta and south- 
eastern British Columbia Walcott (1927, Pl. 25) divided the northern 
part of the Rocky Mountain Basin of Upper Cambrian time into three 
troughs—from east to west, the Bow, Goodsir, and Beaverfoot. Whether 
these troughs can be demonstrated by future workers in the field is 
unknown, but if the troughs did exist all of them were bounded on the 
south by Montania. 

Throughout the deeper part of the geosyncline in the entire Rocky 
Mountain Basin the Croixan sediments were largely carbonates or fine- 
grained detritus indicating that Cascadia and Montania were base-leveled 
lands which probably lay nearly at sea level (Fig. 6e). As the sea 
spread east of the syncline through Wyoming and Montana, however, it 
encountered the insoluble residues which had been weathering through- 
out the long Lipalian interval and the combined Lower and Middle 
Cambrian epochs. Likewise the streams from the higher areas to the 
east were bringing quartz sands and muds to the basin over which 
the epeiric sea spread. Consequently, in central Montana, Wyoming, and 
eastward the Upper Cambrian sediments contain more clastic materials 
and are thinner than the geosynclinal deposits in the northern and south- 
ern parts of the trough. By the middle of the Croixan, however, the 
epeiric sea cleared and in it was deposited thick- and thin-bedded lime- 
stones and dolomites. 

POST-CAMBRIAN EVENTS 


After the Cambrian, Montania remained above sea level, at least 
throughout its western part, until possibly late in the Devonian (Figs. 
7e, 10e). During the Ordovician, marine waters in central Montana 
never reached west beyond the 110th meridian, and Silurian deposits have 
never been found in Montana. Lower and probably Middle Devonian 
sediments were not deposited in the State and are also unknown in 
northern Idaho and Washington. Conversely, Ordovician, Silurian, and 
Middle Devonian sediments are thick and widespread in southeastern 
British Columbia and southwestern Alberta as far south as the 51st 
parallel (Figs. 6e, 10e). 


CAMBRIAN CLIMATE IN THE CENTRAL CORDILLERAN REGION 


The climate which prevailed over the central Cordilleran region during 
the Cambrian was discussed briefly by only one writer nearly 25 years 
ago. Walcott (1915, p. 199-201) based his conclusions, quoted below, 
upon these evidences: brachiopods and trilobites, Archaeocyathinae, wide- 
spread limestones, “almost total absence of red sandstones and shales,” 
change of faunas above the Olenellus zone, and barren arenaceous lime- 
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stones between the Olenellus zone and the basal Middle Cambrian fossil- 
iferous limestones. In his summary Walcott (1915, p. 200-201) concluded 
that: 


“In Lower Cambrian time the climate was warm in the Cordilleran area, changing 
toward the close of that epoch to a cold climate which resulted in the deposition 
of barren arenaceous rocks in the Cordilleran trough. 

“In Middle Cambrian time the climate was temperate and equable from the Gulf 
of Mexico to the Arctic Ocean. The marine waters were favorable to a large and 
varied marine life accustomed to a temperature that was nearly uniform, with a free 
circulation of waters well supplied with calcareous matter in solution. Toward the 
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close of this period there may have been climatic changes restricting and altering the 
development of the fauna, but the evidence for or against such changes is too indefi- 
nite to warrant any conclusion of value. 

“In Upper Cambrian time a more varied climate may have prevailed. Perhaps 
also there was irregular restriction of the Cordilleran sea, bringing about more varied 
and limited sedimentation, while the marine life was confined mainly to localities 
more favorable to the presence and growth of a limited fauna.” 

The climate of the Lower Cambrian, as Walcott suggested, was warm 
and probably humid, but no evidence is known to indicate lower tempera- 
tures at the close of the epoch. The climate of this epoch seems to have 
been remarkably uniform throughout the central Cordilleran region be- 
cause Archaeocyathus is known from the northern area near Colville, 
Washington (Resser, 1934, p. 7) as well as from Nevada and Utah; trilo- 
bites and brachiopods of similar species occurred in nearly equal abun- 
dance in southern Canada and Nevada; and odlites, which may be in- 
dicative of warm temperatures (Mansfield, 1927, p. 180), were abun- 
dantly deposited in both parts of the region. The numerous individuals 
in the Bonnia-Olenellus and Plagiura faunas of late Waucobian age 
(Deiss, 1940, p. 782-783) indicate clearly that the closing part of the 
epoch remained warm or at least unchanged. 

The climate of the Middle Cambrian was also warm and may have been 
even more uniform in the Cordilleran region than that of the Lower 
Cambrian as evidenced by the remarkably wide distribution of the 
Kochaspis, Albertella, and Glossopleura faunules (Deiss, 1940, p. 782- 
784). The large number of individuals in the later Albertan faunules, the 
relative abundance of odlites, and the widespread thick-bedded limestone 
indicate a warm climate during later Albertan and clearly imply that the 
contiguous lands were of low altitude if not base-leveled. The great 
expansion of the sea in the Cordilleran geosyncline after the close of 
the Lower Cambrian and the lowness of the surrounding lands allowed 
free circulation of the air and probably caused humid climate over the 
lands. The absence of pseudomorphs and molds of salt crystals, sun- 
cracked shales, and red beds also suggest humidity during most of the 
epoch. The cross-bedded Brigham quartzite in Utah and southeastern 
Idaho (Mansfield, 1927, p. 180) may represent terrestrial deposition under 
semiarid conditions, but more probably the detritus was deposited, like the 
Flathead sandstone in Montana (Deiss, 1939a, p. 59-60), in the sea which 
transgressed northeast across the area, and the red color resulted from the 
hematite in the original Beltian rocks which furnished the bulk of the 
sediments of which the Brigham is composed. Certainly the maroon 
shales in the Gordon and Wolsey formations of western and central Mon- 
tana do not represent arid climate because they contain prolific faunas of 
trilobites and brachiopods and were clearly derived from the eroded red 
and purple Beltian argillites in Montana. 


ee 


CAMBRIAN CLIMATE IN THE CENTRAL CORDILLERAN REGION 1113 


The uplift of Montania at the close of the Albertan (Figs. 5, 10d) could 
not have been sufficient to disturb materially the existing wind system. 
Shortly after the beginning of the Croixan, however, the region between 
Castle Mountain and Mount Robson, Alberta, apparently experienced 
aridity and possibly became cooler. Numerous pseudomorphs and molds 
of salt crystals, mud cracks, and deep-red unfossiliferous shales occur 
in the Arctomys formation (Walcott, 1928, p. 245-246). The eastern 
part of Montania may have been semiarid also by the close of Dresbach 
time and remained arid until the end of the Croixan. The evidence is in- 
complete, but the suggestion is supported by the red Dry Creek shale 
which was spread eastward across Montana throughout most of the Upper 
Cambrian. Elsewhere in the Cordilleran region thick fossiliferous lime- 
stones were deposited throughout the epoch, indicating that to the north 
and south of Montania the climate remained humid and warm as during 
the Albertan. 

CONCLUSIONS 

The Cambrian geography and sedimentation in the central Cordilleran 
region was strongly influenced by a land mass composed largely of Beltian 
rocks. This mass, formerly referred to as the “Montana Island,” is now 
designated the positive element Montania (Figs. 7, 10). 

During the Lower Cambrian, Montania was a land barrier across the 
Cordilleran geosyncline between the 41st and 50th parallels (Fig. 10) and 
connected Cascadia to Laurentia (Fig. 3). To the south was the Great 
Basin area and to the north of Montania was the northern part of the 
Rocky Mountain Basin. A small extension of the northern sea trans- 
gressed as far south as eastern Washington and formed the Colville em- 
bayment (Fig. 7). 

Montania was greatly reduced in area early in the Middle Cambrian 
by the transgressions from north to south. The seas united in northern 
Idaho and eastern Washington to form the narrow Idaho strait and also 
united in western central Montana to form the Eastern Rocky Mountain 
sea (Fig. 4). At that time Montania was reduced to an island, part of 
which lay in the position of Glacier National Park. 

In the Upper Cambrian the western part of Montania was re-elevated, 
and the Idaho strait was thus blotted out (Figs. 5, 7d). The seas were 
restricted to the northern, eastern, and southern parts of the Cordilleran 
trough but spread from the trough eastward across Montana and north- 
ern Wyoming (Fig. 5). As the sea in Montana transgressed eastward 
sediments from Montania silted in the west shore of the sea and caused 
it to move across the State beyond the 109th meridian before the close of 


the period (Fig. 7d). 
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After the Cambrian, Montania remained above sea level until late in the 
Devonian when marine waters covered the central part of the land mass 


for the first time. 
The climate was warm, humid, and uniform throughout the Cordilleran 


region during the Waucobian and Albertan epochs and probably con- 
tinued unchanged over much of the region during the Croixan. In the 
southern Canadian area and in Montana, red beds, salt crystals, mud 
cracks, and the paucity or absence of fossils suggest local aridity and 
possibly lower temperatures during parts of the Upper Cambrian. 
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Ficure 1. BrassFIELD, Oscoop, AND LAUREL 
ForMATIONS 

Brassfield under the path, Osgood from path into 

the re-entrant, Laurel in overhanging strata, 

east of Glenkirk Landing, Tennessee River, 
Tennessee. 


Ficure 2. BrassFIELD FoRMATION 
Chert in interstratified beds, bluff of Mississippi 
River, Dongola Hollow, Illinois. 
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ABSTRACT 


This paper briefly discusses Silurian lithology in parts of west Tennessee and adja- 
cent States. Distinctive Silurian rock units are readily recognized in west Tennessee 
where they have been assigned to several formations and members by other geologists. 
In southeast Missouri the Niagaran strata have been regarded. hitherto, as a homo- 
geneous sequence. 

Lithologic similarities are stressed rather than stratigraphy and correlations in the 
regions considered. Lithologic aspects. including color, texture, earthy admixtures, 
presence or absence of chert, glauconite, and odlite are discussed. Persistence of cer- 
tain beds and of fossil horizons is noted; some attention is also given to marked 
facies changes. Detailed comparisons are made between west Tennessee, southwest 
Illinois, and southeast Missouri, and the description and extent of the above lithologic 
features in selected areas in these States are presented. 
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INTRODUCTION 


INTRODUCTION 


The purpose of this paper is to name and describe some of the per- 
sistent lithologic features characterizing the Silurian strata in the valleys 
of the Tennessee, Mississippi, and White rivers (Fig. 1). An attempt 
is made to suggest how far distinctions between formations and members 
may be based solely on lithologiec criteria. 

The paper summarizes one aspect of the field studies which have been 
in progress, intermittently, in western Tennessee, southern Illinois, south- 
eastern Missouri, and in northeastern Arkansas since August, 1939. Most 
of the study has been in western Tennessee and southeastern Missouri. 

The Silurian section of western Tennessee is known chiefly through the 
studies of Foerste (1903, p. 560-583; 1935, p. 175-185), Pate and Bassler 
(1908, p. 407-432), Dunbar (1919, p. 34-37), Miser (1921, p. 18-21), and 
Jewel (1931, p. 23-24, 26-31). Frequent use of the literature supplied 
by these and earlier investigators has been made. 
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STRATIGRAPHIC SUMMARY 
COMPARATIVE STRATIGRAPHIC SECTIONS 


To indicate the general stratigraphy of the Silurian system, compara- 
tive stratigraphic sections for western Tennessee and southeastern Mis- 
souri are presented. The Tennessee section is modified slightly after 
Pate and Bassler, and the data for the Alexandrian series of the Missouri- 
Illinois section are obtained in part from the studies of Savage. 

The comparative sections bring out several significant facts: 


(1) In the Tennessee section the Decatur limestone and some parts of 
the Brownsport beds contain crystalline limestones not known in Missouri 
and Illinois. 
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TENNESSEE 
MEMBER 
FORMATION 
DESCRIPTION 
< 
Limestone, massive, crystalline, blue DECATUR © 
to gray, stylolitic 60-7 oe 
< 
Thin-bedded limestone, locally shaly Lobelville 
and siliceous, gray, corals abundant 75 
Crystalline limestone and shale 
BROWNSPORT 
250 
Shaly limestone, bluish gray, Beech River 
cherty, prominent in glades 100 z\y 
ais 
Shale and clay, shalv limestone, 
characteristically red mottled, 
occasional glades 
Limestone. even bedding, some > 
shaly partings, crystalline, bluish oe 
gray, resembles the Laurel 
Shale, clay, some limestone, WALDRON 4-5 
greenish grav 
Limestone, locally somewhat massive, LAUREL 
compact, bluish gray to pink, dense 30 
to ervstalline. crinoidal 
Shale and shaly limestone, red, OSGOOD 
slightly mottled, somewhat variable 14-17 
Limestone, medium beds, dense, gc x 
gray and light brown, locally _— = 
cherty, glauconitic = 


Figure 2—Columnar section generalized for western Tennessee 
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(2) The Tennessee section has no calcareous deposits older than the 
Brassfield limestone.* 

(3) The Missouri and Illinois Niagaran deposits hitherto have been 
regarded more or less as a homogeneous unit. 


LITHOLOGIC ASPECTS 
GENERAL STATEMENT 


Certain aspects of the Silurian rocks in the area distinguish them 
readily from rocks of other systems. However, the transition from the 
Silurian to Devonian strata is a difficult horizon in which to locate the 
contact with confidence. 

Widespread lithologic similarities are evident but present difficult 
determinations in some places because certain facies are repeated at 
different horizons. Foerste (1903, p. 566), Wade (1914, p. 165), and 
Born (personal communication) have commented on the difficulty of sep- 
arating the Lego from the Laurel formation unless the intervening Wal- 
dron beds are recognized. Field experiences prove that the same com- 
ment holds in some cases for the Osgood and the Laurel, and for the 
Osgood and the Dixon, if encountered in small, isolated outcrops. Lo- 
cally, in southeast Missouri, the Dixon-like lithology of the Bainbridge, 
apparently sufficient for correlation in some places, is developed also in 
strata which carry a Brownsport fauna. 

Accordingly several related questions frequently have been considered: 


(1) What lithologic features have particular value in identifying for- 
mations when other diagnostic criteria are lacking? 

(2) Is there sufficient lithologic basis to establish in Missouri, Illinois, 
and Arkansas recognition of the same Silurian formations as those in 
western Tennessee? 

(3) What are the marked variations in lithology which occur in western 
Tennessee and adjacent states? 


The persistent lithologic features answering these questions include 

composition, color, and texture. 
COMPOSITION 

Throughout the area the Niagaran strata, in part, are notably argil- 
laceous. In Tennessee, the argillaceous admixtures characterize the Wal- 
dron and Dixon formations, and to a less extent, the Brownsport forma- 
tion. Locally the Osgood formation is shaly. The argillaceous char- 
acter of the formations is not necessarily shown as typical shales but 


1 Considerations whether or not some of the shaly beds below the Brassfield are Silurian are not 
attempted in this paper. 
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may appear in the platy structure, softness, and somewhat pulverous 
aspect of the limestones (PI. 1, fig. 1). 

The Niagaran beds in southeast Missouri and southern Illinois are fully 
as argillaceous as in western Tennessee although typical shales are not 
abundant. A dark compact shale bearing graptolites has been traced 
from the type locality of the Bainbridge formation in southeast Missouri 
(Ball, 1939a, p. 597) northward into Perry County, a distance of about 
12 miles (Fig. 1, B). A green shaly limestone in the upper part of the 
Bainbridge formation with marcasite concretions and with Dalmanites 
pygidia occurs in variable thicknesses in southeast Missouri. The same 
facies is exposed in the mouth of Orchard Creek, south of Thebes, IIli- 
nois (Fig. 1, T), during low-water stages of the Mississippi River (Ball, 
1939b, p. 598). The Bainbridge Pisocrinus shales, of red, purple, and light 
gray, on the old Farmington road skirting the southwest slope of Greither 
Hill in Missouri, apparently are restricted in area (Fig. 1, Gh). 

The Lafferty limestone, near Batesville, Arkansas, (Fig. 1, Wle) is less 
argillaceous than the Niagaran of Tennessee, Missouri, and Illinois. Dis- 
integration, however, produces a flaky or platy structure in the upper 
laminae of the slightly weathered masses. 

The argillaceous admixtures in the Niagaran beds of Tennessee, exclud- 
ing the Laurel and Lego, are present in the Bainbridge formation of 
Missouri and Illinois, with the exception of about 20 feet of nearly 
pure limestone at the base. The upper Bainbridge of these states re- 
sembles in its earthy admixture and its light green color a part of the 
shaly facies of the Brownsport of Tennessee. The shaly Brownsport 
(Beech River) is well shown at the old Rise Mill section (the “Cave’’) 
on an unnamed tributary of the Buffalo River about 1 mile southeast 
of Linden (Fig. 1, L). A marked unity of composition characterizes the 
Niagaran series in the three states. 

COLOR 

The most striking lithogie aspect of the Silurian rocks, especially 
in the Niagaran series, is their color. Red is dominant, but tones of 
green, gray, purple, yellow, and brown are common. The red staining 
has penetrated the entire strata, locally, so that beds more than a foot 
thick are a deep, uniform red. More commonly, the green or gray is 
mixed with red in a coarse, irregular mottling, the light patches dis- 
persed in a red background; however, in some instances the reverse color 
distribution is found in areas where red is surrounded by gray. Both 
the red and mottled strata are common in the lower beds of the Bain- 
bridge and Lafferty formations; however, in the upper strata of these 
formations, the color distribution is somewhat altered and smaller red, 
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violet, or purple areas are surrounded by greenish gray. Areas of 
macerated fossils or those surrounding an orthoceratite are light greenish 
gray. Some bedding planes also show elevated or depressed branching 
patterns of white or dark purple suggestive of organic origin. 

Color distribution commonly occurs also in bands paralleling stratifica- 
tion. Red usually alternates with gray in this arrangement and the 
contacts of the bands are remarkably even. Between prominent bedding 
planes half of a stratum may be red and the remaining half gray. 
Another occurrence which results in banding is the distribution of small, 
elliptical patches whose long axes are aligned with the bedding planes. 
The light greenish-gray patches are 1 inch or more in length. Joint 
planes in some instances are strikingly marked by long, straight, green- 
ish-gray color bands whose outer margins are evenly distant from the 
joint. Similar bands of red in a light-colored rock have not been 
observed. 

The coarsely mottled limestones commonly are in the Dixon formation 
of western Tennessee, the Bainbridge of Missouri and Illinois, the Lafferty 
limestone of Arkansas, and in the Henryhouse shale of Oklahoma. The 
contrastive areas are in patches up to 1 foot in diameter. Mottling is 
developed also in the thick and thin strata of the Brownsport formation. 
In these beds, the pattern usually consists of small red or purple areas 
in a light-colored background. Banding, however, is more noticeable 
in the Brownsport formation than mottling. Much of the Brownsport 
formation is light greenish gray, tan, or white. 

The Dixon formation includes limestones having color bands parallel 
to the bedding planes. Locally, the Osgood, and beds possibly the Laurel 
or Lego show a similar banding. The bands show less characteristically 
in the Bainbridge and Lafferty limestones but are present in the more 
extensive exposures. Identification of any Niagaran formation below 
the Brownsport on the basis of color, alone, is difficult and probably would 
be open to question. 

The Bainbridge formation of Missouri and Illinois obviously changes 
to gray and green in its higher thin and earthy beds as do some of the 
upper beds in the Lafferty limestone. The field principle may be ob- 
served in these states that the highest strata of the Silurian are consist- 
ently light colored. 

The color of the Laurel and Lego formations in Tennessee grades from 
gray or bluish tints into pink. Some of the purer limestones low in the 
Niagaran series in Missouri and Illinois are pinkish gray strongly sug- 
gesting that they may be the Laurel formation. If the Lego formation is 
in Missouri, and is above a shale as in Tennessee, it remains light 
greenish gray in color. Like the mottling of the higher beds, the pinkish- 
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gray color of the beds near the base of the Bainbridge and Lafferty is 


widely distributed. 
TEXTURE 


In the reddish argillaceous strata texture is of slight value in field 
determinations. The nearly pure limestones, low in the Niagaran series 
of Missouri and Illinois, are dense to medium crystalline, the crystalline 
facies beginning with a few scattered rhombs in the dense matrix. The 
crystals are pink, tan, or brown and stand out distinctly against the 
background. Near the middle of certain strata a definitely banded zone 
is wholly crystalline with margins parallel to the bedding planes. This 
textural arrangement characterizes the Laurel and Lego formations in 
Tennessee, of more common occurrence there, possibly, than in Missouri 
and Illinois. In the latter states the Brassfield, locally, has texture closely 
similar to that of the Laurel so that in isolated outcrops recognition of 
formations on the basis of texture, alone, may be difficult. 

A few other features of the Silurian strata of the region, including chert 
and glauconite, are fairly persistent. 

CHERT 

In both Tennessee and Missouri chert is fairly common in the Brass- 
field. It is quite conspicuous near Newsom, Davidson County, and Cen- 
terville, Hickman County, Tennessee, but is of minor importance farther 
west and south in that State where the formation is thin. In Missouri 
and Illinois the Brassfield is thicker, and the interbedded chert is locally 
almost equal in amount to the limestone (PI. 1, fig. 2). Certain isolated 
ledges which possibly are late Brassfield are without chert. Chert is 
abundant in some of the Brownsport beds of Tennessee but does not 
occur in strata of the same age in Missouri. 


GLAUCONITE 


Glauconite is commonly present in the Brassfield and is generally 
restricted to the middle or upper part of the unit. Noteworthy is the 
fact that in some occurrences in Tennessee the chert and glauconite do 
not occur together. They have been reported together in an exposure 
on Little Saline Creek in Missouri (Ball, 1939b, p. 120), but here it 
appears that the glauconite increases near the middle of the section as 
the chert decreases. Some glauconite-bearing beds in Tennessee are more 
fossiliferous than beds in which chert occurs. The glauconite, however, 
along with other criteria, helps to establish these particular beds as 
Brassfield. A thin stratum resting on Ordovician shales in Clifton, Wayne 
County, and elsewhere in that vicinity (Fig. 1, C) is glauconitie but not 


cherty. 
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Glauconite in the Osgood of Tennessee has not been observed by the 
writer, but Priddy (1939, p. 498-499), has observed it in the Osgood of 
Indiana, and it has been noted in that state near Hanover. 

Born (personal communication) has observed glauconite in the Ten- 
nessee Laurel and Brownsport formations. It has been noted, also, in 
the Laurel formation near Centerville (Fig. 1, Ce), Tennessee. 


OOLITIC TEXTURE 


Bassler (1932, p. 132) has reported odlites in the Brownsport formation 
near Newsom, Tennessee. Well-known Alexandrian odlites in Illinois 
(Savage, 1913, p. 361) show in the Edgewood formation near Thebes, 
Alexander County (Fig. 1, T). Odlitic texture, very faintly developed, has 
been noted in the Brassfield limestone near Glenkirk Landing, Tennessee 
(Fig. 1, C; Pl. 1; Fig. 1). 


PERSISTENCE OF FOSSILIFEROUS HORIZONS 


Fossils are not abundant in the Niagaran strata of Missouri and IIli- 
nois. Investigations by Dunn (personal communication) and Branson 
and Meh] (1933, p. 39-52) show a significant microfauna in the Silurian 
strata of these states. With the exception of a notable limestone in 
Greither Hill, Missouri (Ball, 1939b, p. 125), the Brownsport equivalents 
are quite unlike the prolific fossil beds of that formation in Tennessee. 

Strata near the top of the Tennessee Dixon beds and in their probable 
equivalents in Missouri and Illinois contain the pygidia of trilobites. 
Specimens of the genus Dalmanites are fairly widespread. Dalmanites 
also occurs in the Henryhouse shale in Oklahoma. 


SUMMARY AND CONCLUSIONS 


The Niagaran series above the basal limestones is markedly argilla- 
ceous throughout the area with the exception of some members of the 
Brownsport formation and the Decatur limestone of Tennessee. 

A characteristic mottling of red and grayish green appears in the Dixon 
and Osgood formations of Tennessee, in the Bainbridge of Missouri and 
Illinois, and in the Lafferty limestone of Arkansas; the same mottling is 
in the Henryhouse shale of Oklahoma. 

The thin beds in the upper Niagaran series show slight mottling, and 
are gray, green, blue, and light colored. 

The basal Niagaran strata in Missouri and Illinois are less argillaceous 
and are dense or crystalline. Small, brightly colored calcite crystals 
scattered in a dense matrix are characteristic. In other instances the 
texture of the entire rock is fine or medium, about the same as in the 
Laurel and Lego formations of Tennessee, and in Missouri and Illinois 
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where to some extent it is present in both basal Niagaran and upper 
Alexandrian rocks. 

Chert is common in the Brassfield of Missouri and Illinois, but in west 
Tennessee, Arkansas, and Oklahoma it is not abundant. It is well dis- 
tributed in the Tennessee Brownsport but does not occur in the generally 
equivalent beds of Missouri and Illinois. 

Glauconite is persistently present in the Brassfield, well distributed 
throughout the formation in west Tennessee, but more restricted to cer- 
tain horizons in Missouri and Oklahoma. It is reported also in the Laurel 
and Brownsport formations of Tennessee as well as the Osgood formation 
of Indiana. Odlites have not been commonly noted in the particular field 
treated in this paper. 

Fossils are sparse in the Silurian strata of Missouri, Illinois, and Ar- 
kansas, with the exception of the St. Clair limestone in Arkansas. The 
crystalline beds of the Tennessee Laurel and Lego, and the argillaceous 
Dixon have a meager fossil content although they contain crinoid ossicles 
in abundance. Trilobites are fairly abundant in the Dixon and its pos- 
sible equivalents. 

The characteristic lithology of the Silurian rocks in the area, espe- 
cially the composition and coloring, makes for their general identification 
as such in Tennessee and adjacent states. However, because these fea- 
tures are repeated at different horizons, caution is exercised in using them 
alone for final identification of formations and members. Presence of 
gray or green in thin earthy beds of Brownsport age serves as a fairly 
satisfactory indication of those beds in practically any part of the area. 

The crystalline texture and blue to pink color of the Laurel in Ten- 
nessee seem sufficiently diagnostic to merit extension of this formation 
into Missouri and Illinois. Some strata in Missouri, thought to be upper 
Brassfield, closely resemble the Laurel formation and the St. Clair lime- 
stone in texture and color. These strata, however, are possibly a deeper 
pink than in the Laurel and are less coarse and less crinoidal than the 
St. Clair limestone. 

Strata of Osgood age occur in Missouri and Illinois, also, but associa- 
tion with the overlying Laurel formation rather than distinctive lithology 
serves to identify that formation. 
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